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ABSTRACT

Theoretical models and corroborative experimental data are presented
on the human operator’'s scanning behavior and tracking performance while
simultaneously controlling two closed-loop tasks using separate displays.
These results form a basis for estimating and correlating human performance
and scanning workload in multidisplay piloting tasks.

A novel experimental technique is used to force the subjects (skilled
instrument-rated pilots) to scan two displays in a manner that is realistic
yet controllable by the experimenter. This is done via a "“subcritical"
side task (stabilizing a slightly unstable first-order plant), such that
the time-away-from-the-side-task (i.e., available for the main task) is
limited by the time-constant of the divergence. The scanning statistics
reveal an average minimum dwell time of about 0.4 sec, and skewed sampling
interval histograms which are fitted by a Pearson Type III distribution
function. The scanning frequency is forced to vary over a wide range
(from 0.5 to 2.0 per second) yet the sampling freguency fluctuations during
a run remain within 20 to 30 percent of the mean value. In order to preclude
parafoveal cues, eye-movement signals are used to blank the nonfixated display
in certain cases, and some performance decrements occur. A new "scan frequency
parameter”, S, is derived to correlate the combined effects of sampling
frequency and finite dwell time.

It is shown that the pilot's average scanning, sampling and reconstruction
behavior can be accurately modeled by an adjustable guasi-linear describing
function, plus an injected “"scanning remnant" (observation noise) having
wideband properties. Two likely mental processes for reconstruction of an
estimated signal from the finite-dwell, almost-periodic samples are analyzed:
a "switched gain" model and a "reconstruction-hold" model. The experimental
data from this experiment (where no operator equalization was required)
favor the former. A theoretical model for the sampling remnant is given,
which has the form of first-order-filtered noise; it depends on the dis-
played signal variance, sampling frequency, fixation dwell time and sampling
frequency variations. The experimental remnant data fit this model well,
and thereby provide good correlations between theoretical and experimental
tracking performance measures.
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stick motion
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BECTION I
INTRODUCTION

A. BCOFE

The research described in this report is part of a larger effort

to develop a systems analysis theory of displays for manual control of

vehicles (Refs. 1, 2, and 3). The analytical procedures require calculabion

of the closed-loop dynamic response of pilot/vehicle control systems. The
theory for single axis systems with compensatory displays is fairly well
developed (Ref. 4). However, in a multi-axis aircraft control situation
(e.g., IFR flight:, a pilot is often required to scan an array of instru-
ments, and the changes in dynamic response caused by the scanning process
and sequential sampling of displayed information are not yet well enough

understood to permit quantitative predictions of display requirements.

The scamning process is influenced by a variety of factors, including
the importance and content of the various camponents of displayed infor-
mation and the instrument panel layout. Clement, et al, (Ref. 5 have
reviewed the literature and advanced some factors known to affect scamning
behavior. Scamming of an instrument panel causes the displayed information
on any one instrument to be sampled* rather than continuously perceived by
foveal' viewing, as in single axis control. Clement (Ref. 6) has theo-
retically estimated some implications of display sampling, and Levison
and Elkind (Ref. 7) have measured some effects of two-display sampling
and proposed a model which includes the effect of parallel display

perception via parafovealT vision.

*Sampling is used herein, in a general context, including the finite
fixation dwell times (during which portions of the sample are perceived),
as well as aperiodic sampling, ete.

T‘I‘he viewing regions defined herein include: foveal-—+the high aculbty

region within roughly 3 deg off the visual axis; parafoveal — the decreasing
acuity region from 3 to about LO deg off-axis, and peripheral — the remaining

region out to the limits of moving-object detectability.

Swrat



Research into display utilization behavior and the factors that govern
the scanning process is difficult, because it requires complex simulations,
sophisticated measurements under realistic conditions, and comprehensive
experimental designs. Because of the dearth of data on scanning and the
existence of a preliminary analytical model for it, emphasis in this study

was placed on investigation of the scanning and sampling problem.

The purpose of the present study was to accomplish the following goals

in a well-controlled laboratory experiment:

@ Measure the effect of scanning and sampling on
pilots’' performance and dynamic response

® TIdentify the signal "reconstruction" process adopted
by pilots when sampling the displayed information

® Test some recently developed theoretical models
(Ref. 6) designed to predict the effects of
sampling on performance and dynamic response.

The spirit of the research reported here was more like that of a
preliminary examination of a complex landscape, rather than a definitive
study of small areas in previously charted territory. We were looking
for large, practical effects in our measures that would lend some

validity and empirical constants for the theoretical models.
B, PILAN OF THIS REPCRT

Section IT reviews some previous scanning and sampling research
relevant to manual control displays, and summarizes some newly developed

analytical models for sampling and reconstruction effects.

Section ITT describes the experimental program, including the design,

setup, training, and data analysis procedures.

Section IV presents the basic data, in the form of overall scanning
and performance measures, detailed scanning statistics, describing
function measurements, and power spectra of errors and remnant. Typical
time traces are shovn to illustrate the modes of scanning induced by the

experimental technigues.



Section V shows the good correlation between these data and the theory
of Section II, and discusses some of the complex performance and adaptation

interactions which can be untangled by the analytical model.

Section VI briefly summarizes the main conclusions and recommendations.



SECTION II

EMPIRICAL AND THEORETICAL BACKGROUND

In this section we first review the basic concepts of scanning during
multiloop control tasks and give an overview of our model for the scanning,
sampling and perceptual reconstruction process. After a review of some
past work relevant to this model, the detailed analytical models are pre-
sented. These are accompanied by results of some numerical computations,
which show the penalties in tracking performance resulting from scanning,

and suggest an experimental design to validate the model.
A. BASIC CONCEPTS AND MODEL
1. Scamning During Multiloop Control Tesks

Ve are concerned with the class of pilot/vehicle situations characterized
by a closed-loop pilcted multiloop regulation or tracking task, having more
than one display, and reguiring manipulation of one or more control sticks.
The pilot's selection of preferred display feedbacks from the presented
array has been found to be governed by a set of "Multiloop Feedback Selec-
tion Rules" which have been evolved previously and verified experimentally
for integrated displays (see Refs. 1, 2, 4, 8, and 9). 1In any case, past
work {to be reviewed later herein) shows that: (1) a fairly stable
scanning and sampling strategy evolves for a given task and instrument
array, and (2) the control motions are much more continuous than the
discrete sampling would seem to imply on a pure stimulus-response sequence.
Furthermore, most of the information used in aircraft maneuvering is of an

analog nature, displayed as the motion of a moving pointer or scale.

These facts indicate that a form of sampled data feedback theory
is appropriate to model this process. In this formulation, the display
feedbacks ultimately selected would be affected not only by vehicle and
task criteria but also by penalties from the required scanning and

sampling operations.

The display scanning model should also be compatible with the

existing multiloop pilot models for integrated displays, and must be



simple enough to permit practical computations and efficient data

reduction. Finally, it should yield verifiable predictions.

Before proceeding let us clarify some terms that are used freguently

herein:

Scenning is defined here as the process of selecting

and fixating each instrument in an array of, or specific
portions of, a complex display field. For the manual con-
trol tasks a "scanning traffic pattern" is evolved, causing
a given instrument to be sampled frequently. However, not
all instruments are sampled at the same frequency.

Sempling covers the perceptual acts of: focusing on a
display; interpreting this as an appropriate command or
error signal; and perceiving its displacement, rate
{or direction), and, possibly, acceleration during a
sequence of fixations. In the present context, the
sampling does not have to be impulsive or periodic.

Reconstruetion covers the process of extrapolating a hypo-
thetical continuous signal using the series of samples
available from each display, plus parafoveal (nonfixated)
information which may be perceived between samples. Recon-
struction provides the mental signal upon which the subsequent
pilot equalization operations are assumed to operate.

2. Description of the Model

The development of a display scanning and sampling model for multiloop
manual control tasks is reported in Ref. 2. Basically, it treats the complex
processes involved in scanning, selecting, sampling, and reconstructing
internal signals from an array of dials as an added "perceptual’ Tunctional
block in a quasi-linear description of the pilot. Figure 1a shows the assumed
basic model and Fig. 1b 1ts simplified equivalent. The latter represents
the simplest form that can be measured from inputs and outputs external to

the human operator.

Let us review the key elements in the basic model before proceeding
with its background. The human display control behavior is represented
by a series of functional blocks, loosely labeled "Perceptual"”, "Adaptive"”,
and "Neuromuscular"” in Fig. la. The signals shown connecting the blocks
are practically unmeasurable (being located in the central nervous system),

and, in fact, the functions may overlap. It is useful to consider the
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perceptual block as an additional serial element, and to define the scamming

and sampling effects as the ratio between behavior under continuous, full-
foveal tracking and the actual sampled tracking, in each of the multiple
loops. We will not dwell further on the adaptive block (feedback selection,
equalization, summing, etc.) or neuromuscular block (manipulator interfacing
and actuation) which have been well documented in recent years (e.g., Refs. L,

10, 11;.

At this stage the conceptual model is still quite general, and any of
several mathematical or physical models could be used to describe the above
processes. Before selecting a particular set of forms and assumptions, it

is necessary to review the relevant background material, which follows.

B. REVIEW OF PREVIOUS RESEARCH ON DISPIAY SCANNING,
SAMPLING AND RECONSTRUCTION

1. Intermittent Human Response

Early in the investigation of human tracking in single-axis tasks,
there were speculations as to the possible intermittent nature of human
operator response. Most of this work was an outgrowth of early concepts
of psychological refactory period, and the observation of oscillatory
components in the error and control signals. The works of Craik, North,
Hayes, and Ward are notable examples (Refs. 12~15). It is now known
that most of the oscillatory components observed in single-axis tracking
are due to remmnant-excited peaks of the lightly damped closed-loop system;
nevertheless, the analytic models and insights provided by this early

work are useful in the present scanning context.

Sampled~data operator models were extended by LeMay and Wescott
(Ref. 16), and they have been brought to a high degree of algorithmic
sophistication by G. Bekey and his colleagues (e.g., Refs. 17 and 18).

2. Instrument Scanning In Flight

Following the work of ophthalmologists prior to World War II, McGehee,
Fitts, Jones, Senders, and others investigated the natural scanning patterns

of pilots during flight in order to more efficiently train pilots



and lay out instrument panels for blind-flight conditions (Refs. 19— 30).
Most of these ad hoc data were collected by laborious manual data reduction
of eye-camera movie films, but unfortunately, the instrument readings were
not simultaneously recorded, so there is no way of correlating the displayed
signals with the fixations. Nevertheless, these data (especially the monu-
mental work of Milton, Fitts, et al, in Refs. 19-25] clearly reveal the
essential features of natural instrument scanning, validated over hundreds

of flights, dozens of pilots, and numerous display and task conditions.

The main scanning properties revealed in IFR flight were: (1) the pilot's
scamming was not perfectly periodic, but a given instrument was sampled at
a definite average interval, Ty, the interval differing for each instrument
and dependent on the flight task, (2) the dwell time, Tq, spent on each
instrument varied around a specific mean value, this value being remarkably
stable among pilots and flight conditions (mean dwell times varied from
0.2 to over 1.0 seconds, with more complex, higher-bandwidth dispiays
requiring more fixation time), and (3) over typical mission-phase inter-
vals of two to four minutes time, the scan patterns appeared roughly ran-
domized among the insbtruments, and the dwell times and scan intervals (on
a given instrument among several) were quasi-randomly distributed and
statistically independent. A reexamination of these data has been made
by using the present multiloop pilot/vehicle theory as a guide (Refs. 2
and 5), and a definite hierarchy of scanning frequency and dwell times
was found, ranging from: high-frequency, short dwells for inner-loop
displays (attitudes and path rates); to low-frequency, long dwells for

outer-loop instruments (low bandwidth commands).

Some further detailed conclusions drawn in Refs. 2 and 5 from this

in-flight research are summarized below,

a. Dwell Time (Fixation Duration); T4

@ Results of a reexamination (Ref. 5) of the data from four
sources spanning 20 years of flight history in three dis-
tinctly different types of aircraft (Refs. 19-30) all sug-
gest that average dwell time on the class of conventional,
separated instruments studied may be a physiological char-
acteristic of the pilot population.



For cruising flight maneuvers, one coarsely gquantized
mean duration of fixations, 0.5 sec, appears to be a
sufficient summary of results for all flight instru-
ments in all maneuvers.

A second coarsely quantized mean duration of fixations,
1 sec, is termed a "group-monitor" dwell time, since it
represents an average for a group of engine instrument
signals.

Results in landing approaches support more finely quan-
tized mean values of dwell time, as follows:

Duration (sec) Displayed Signal

Glide-slope/localizer deviation combined
0.8 on cross-pointer in approach and tightly
controlled "outer-loop" signals.

Primary "inner-loop" signals such as
0.6 pitch and roll attitude combined in arti-
ficial horizon, heading, and airspeed.

Loosely-controlled "outer-loop" and moni-
0.k tored signals, such as pressure altitude,
vertical speed, turn rate, lateral accele-
ration and, sometimes, airspeed.

A threshold or refractory interval for dwell time seems to
exist at 0.2 to 0.25 sec. The sampling interval must be at
least twice this value.

There is some evidence in the mumbers themselves that the
more Finely quantized mean levels of dwell time are approxi-
mately integral multiples of this mean refractory interval.

Sempling Frequency (Fixation Frequency); fg = 1/Tg

Fixetion Frequency versus Signel Bandwidth. The simple
theory that fixation frequency should be slightly more than
twice the bandwidth of the displayed signal is insufficient.
The pilot usually fixates on a given instrument much more
frequently than required by the lower bound of the sampling
theorem. A fixation frequency three to four times the
estimated bandwidth of the displayed signal appears in the
case of the principal flight instruments. The higher ratios
usually occur for "inner-loop" signals and lower ratios for
"outer-loop"” signals.

Fixetion Frequency versus Msneuvers. In particular maneu-
vers, the pilot will fixate even more frequently on instru-~
ments displaying signals required by instructions to be




nmulled and unique to the maneuver. He will fixate less
frequently on instruments displaying inessential infor-
mation. He will also fixate more frequently on instru-
ments whose readings he expects to be disturbed ("wvigilant
determinism"). However, except for the turn-rate/lateral-
acceleration ("turn-and-bank’) instrument during nonturning
flight and engine group, fixation frequency very rarely
falls below the lower bound required by the sampling
theorem.

® TFixatlon Freguency versus Displey Arrengement. Instru-
ments with inessential or no information may be fixated
it they are centrally located near or between displays
which require attention. In this regard, there is pro-
bably an immense transfer of training effect from earlier
displays and/or doctrines. Thus the display arrangement
chosen may influence the fixation frequencies which might
have governed the choice in the first place.

® TFixaetion Frequency versus Correlated Displayed Signals.
There is informational redundancy and correlation among
the instruments in an aircraft because of the intrinsic
dynamic coupling among the several degrees of freedom.
However, the partial redundancy of information is seldom,
if ever, used to decrease the fixation frequency on a
particular display. The problem of instrument correla-
tion was also investigated by Senders, Ref. 33. Although
a rather coarse threshold exceedance criterion was used,
it was found that correlation did not significantly
increase or decrease fixation freguency between the pair
of correlated instruments, relative to fixation frequen-
cies on the same instruments with uncorrelated signals.

® (Other factors which will influence the scanning rate are
the "urgency"” of a particular signal for the task, the
demands of other control axes or noncontrol tasks and
the duration of each sample. If magnitude, rate, and
higher derivatives can be detected during each fixation,
then the signal can be predicted for longer periods
between fixations.

A grand model to account for all such factors is not yet available.

There has been practically no systematic in-flight research recently
except Tor a few ad hoc investigations, e.g., instrument scanning during
takeoffs and landings in a jet transport (Ref. 29) and some integrated
versus separated instrument scan patterns on an X-15 panel (Ref. 30).

Scan and display data under realistic conditions, using modern instruments

and data processing, is urgently needed.

10



3. Displey Monitoring

A parallel interest to closed-loop control displays is the open-loop
monitoring of an array of dials to perceive exceedance of tolerances or
specified values. This condition is common to engine or radar instrument
monitoring, where effects of manual control are not displayed. Senders
has led several of these investigations, starting with early investigations
of intermittently 1lit dials (Ref. 31). He was among the first to assert
(Ref. 27) that the minimum frequency with which a given instrument in an
array should be scanned would be related to the bandwidth of its signal,
basing his predictions on Shannon's sampling theory, then in its infancy.
His experiments with open-loop monitored displays (Ref. >2) showed that
naturally scamned sampling rates were proportional to bandwidth for four
different input bandwidths presented simultaneously on separate dials.
For these monitoring tasks (detection exceedance, not reconstruction, was
the criteria) the dwell times were in the range of 0.3 to 0.5 sec, scme-
what below the longer values of 0.6 to 0.8 sec measured by Fitts, et al,
under flight (tracking) conditions (Refs. 19-24).

More recently, Senders and his colleagues have added the concepts of
statistical decision and queuing theory to provide an explanation for
the multiloop scanning process (Refs. 32, 33, 34). This is one natural
formulation of the questions of how particular scan patterns evolve, and how
to describe the scan-to-scan behavior. Numerical simulation results in
Ref. 33 show, for example, that narrowband signals with disparate center
frequencies should give rise to strongly patterned scanning, while wider
band signals with a greater uncertainty factor result in much more random
scanning. However, this theory does not yet include the essential closed-
loop feedback effects on the nature of the signal, and thus it cannot

predict the scanning parameters or closed-loop performance.
4, Single Channel Tracking with Sampled Presentations

A number of investigations of tracking with intermittently illuminated
or presented displays (as distinct from natural operator-induced scamning)

have been performed. We term this "forced sampling.”



Battig, et al, (Ref. 35: studied interrupted illuminated displays at
sampling rates between 0.4 and 16.1 Hz. As the frequency of target
intermittence increased to 1 Hz there was an abrupt fourfold improvement
in tracking proficiency (measured by cumulative time on target), thence
a slight further improvement in proficiency as a linear function of

frequency until the fusion frequency of 15 Hz was reached.

Katz and Spragg (Ref. 36) studied tracking error with sinusoidal
and irregular forcing functions. Frequencies of intermittent display
illumination were between 0.5 and % Hz. Mean-tracking error decreased
nearly fourfold with the logarithm of frequency between 0.5 and 2 Hz.
Further increase in frequency to continuous illumination resulted in

additionally halving mean error.

Platzer and Krendel (Ref. 37) report tracking error (but not
describing function' results in which first derivative perception
was forcibly excluded from a sampled display by employing a zero-
order intersample hold. The controlled element was K/s2. Much larger
average errors and frequent losses of control were observed when the
first derivative was absent as compared with the same cases where it

could be derived visually by the operator.

Senders (Ref. 31) also shows degradation in performance directly

related to decreased sampling frequency.

Bennett (Ref. 33) established the importance of operator control of
output sampling rate as a determinant of tracking performance, as
measured by target recovery time from two discrebte disturbances. Mean
recovery time was inversely proportional to approximately the square
root of output sampling frequency. For step disturbed targets, a
sampling rate of about 9 Hz yielded recovery times equivalent to
those for continuous tracking. For targets disturbed by a ramp, a
sampling rate of about 5 Hz yielded recovery times equivalent to those

for continuous tracking.

Experimental work by Vossius and Wezel (Refs. 39, 40) with single
channel forced periodic visual sampling has produced manual tracking

results in conformity with the Nyquist Sampling Theorem (Refs. k1, L42)
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vhich is the antecedent of the Generalized Sampling Theorem (Ref. 43).*
The Nyquist theorem expresses a lower bound for sampling frequency (in
terms of signal bandwidth) when no signal derivatives are sampled for
use in reconstruction. Wezel employed sample duration intervals in the
range 4 to 40 milliseconds, whereas, where some form of signal recon-
struction is probable, pilots' average fixation dwell times observed by
McGhee, Fitts, et al, are in the range 500 to 800 milliseconds and
seldom less than 400 milliseconds, even for "monitoring" a signal.

If the operator employs increasing dwell time for derivative recogni-
tion, as Poulton's and Senders' results suggest (Refs. 31 and kb)),
Wezel would have excluded derivative recognition in his experiment

by his short sample exposure times; therefore, he was probably justified
in seeking confirmation of the simple Nyquist theorem instead of its

subsequent generalization which requires simultaneous rate samples.

The failure to recognize that simultanecus sampling of magnitude
and derivative information could theoretically reduce the required

sampling frequency, misled a number of earlier investigators of forced

sampling into overlooking the effects of longer presentation dwell times.
5. Perception of Signels During s Fixsted Sample

In an ingenious experiment, Poulton (Ref. Lk) had operators fixate
on repetitive samples of a moving quasi-random signal through an aperture
in a rotating plate, which permitted control of both sampling rate and
(presentation) dwell times. The operators reported whether they could
subjectively detect sign, magnitude, direction, rate, and acceleration
of the signal, as the dwell times were varied. Figure 2 reproduces the
results, which clearly show a hierarchy of required on-times, ranked in
the above order. Subjective perception of magnitude alone could be
achieved with very short on-times, on the order of 0.01 sec (making use

of the retinal afterimage). But rate detection typically required 0.1 sec,

*The Generalized Sampling Theorem states that: given a signal having
bandwidth of £y (Hz), then sampling its magnitude plus N time derivatives
at each sample requires Sampling Rate > 2fi/(1 +N) for accurate reproduction
of the signal (see Ref. 43). Practical considerations raise the factor
of 2 to & or more.
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while acceleration detection typically required 0.5 sec of presentation
time. ©Sampling frequency had only secondary effects on these values at

the slower frequencies typical of aircraft display sampling.

McColgin (Ref. 57) measured parafoveal motion perception thresholds
among ten airline pilots for the pointer on a standard 3-inch aircraft
altimeter viewed at 38 inch range. The absolute threshold isograms
on perimetric charts for both rotary and linear motion were foveal-
concentric bisymmetrical ellipses with major horizontal exis approxi-
mately twice the vertical axis. Except near the limits of the peripheral
field, the absolute thresholds increased linearly with field angle; from
2 to 8 rev/min for rotary motion, and from 3.5 to 26 in./min for linear
motion. Vertical motion thresholds were 10 to 20 percent lower at
comparable peripheragl field angles than were horizontal motion thresholds
in areas adjacent to the horizontal axis. There was also more variability

in threshold among subjects with increasing peripheral angle.

6. Netural Scanning and Sampling
of Sepearsted Tracking Displeys

Although a number of separated tracking displays have been investigated
over the years, most have not recorded the eye fixations, so that much
valuable material background has been lost. Among the first were Fitts
and Simon (Ref. 45) who investigated a two-axis pursuit tracking task
wherein cumulative time-on-target performance decreased with increasing
display separation. No describing functions were obtained, but the
authors recognized the significance of parafoveal and peripheral per-

ception in motivating scanning and control output.

Levison and Elkind (Ref. 7) found reduced gain, increasing remmant,
and increasing time delay while tracking a compensatory display using
parafoveal viewing. Remnant power nearly doubled and effective time
delay increased from 0.11 to 0.3 sec, both linearly with field angle
for one-axis parafoveal tracking. Wierwille and Gagne (Ref. 46) also
found more describing function variability for separated displays than
for an integrated two-axis display. Obviously, remnant Increases under

scanning conditions.
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The research on simple two-axis displays with simple controlled elements
of the form X/s and K/s2 is continuing and is providing important data.
However, there has been no serious attempt to control the scamning behavior
under natural conditions, to validate a model for scanning, sampling and
reconstruction. There is a need for a simple two-axis case where the
second axis is made to substitute for a multi-axis set of displays, while
sampling effects on the main task are investigated. Also there is great
need for more eye movement data under more realistic multiloop control

situations both in simulators and in flight.

C. PRESENT THECRY
1. Assumptions

Because of our interest in the overall closed-loop performance of
display-pilot-vehicle systems, we need a form of analytical model com-
patible with feedback analysis. After much investigation (much of it
based on the background information just reviewed), we have made the fol-
lowing assumptions and choices of model form, and have accepted certain

limitations in consequence:

® The basic analytical models are extensions of the quasi-
linear descriptions presently used for nonscanned multi-
loop cases (i.e., adjustable, random-input describing
functions, plus a remnant for the noncoherent effects).
Although the fine-grain scanning and sampling processes
are difficult to model this way, the resulting pilot
output is sufficiently continuous so that describing
functions can still account for the major closed-loop
effects.

@ It is assumed that the pilot's learning process has sta-
bilized so that scanning behavior is stable (in the sta-
tistical sense). Sampling of a given display is assumed
to be "almost periodic," with appreciable statistical
fluctuations which randomize the data. The model then
treats the average properties of this scanning during
typical task intervals. Although sampling effects on
loop closures and scanning statistics are well repre-
sented this way, it is not possible to account for the
particular order in which the displays are scanned.

This assumption should improve as the number of instru-
ments and control axes increases, thereby tending to
randomize the scanning.



® The detailed high frequency effects of the scanning,
sampling, and reconstruction are circulated around the
closed-loop system, giving rise to a broadband "sampling"
remnant. This is modeled as an injected noise at the
pilot's input (i.e., "observation noise"). The sampling
remnant is a function of the scanning, sampling, and
reconstruction processes, and may strongly affect the
loop closures, choice of equalization, and closed-loop
performance. This is in contrast to the continuous case,
where a basic remnant is always present but only rarely
influences the loop closures strongly.

@ The resulting model for scanning, sampling, and recon-
struction comprises:

1) a quasi-linear, random-input "perceptual
describing function", denoted as Yp, (Ja)
which multiplies the human operator¥s con-
tinuous describing function, and

2) a broadband sampling remnant, ng, which adds
to the basic remnant, and is described as a
spectrum épnng of wideband observation noise
injected at the pilot's perceptual input.

Details of these sampling and reconstruction models will be presented

next.
2. Concepts

We will start with a tutorial introduction to the basic concepts, in order
to show which properties of measured signals will tell us most about the type

and degree of signal sampling and reconstruction.

The prior in-flight and laboratory research reviewed previously has
shovm that the sampling of one instrument in a given array, has a definite
average frequency and corresponding mean sampling interval, T . Although
there is appreciable variation around this mean sampling interval, it is
instructive to approximate this aperiodic sampling by almost-periodic
sampling followed by suitable signal reconstruction. Figures 3 and b
illustrate some of the essential effects of sampling and reconstruction

on the resulting describing function and remnant contributions.

Let us consider impulsive sampling first as illustrated in Fig. 3.
This mathematically tractable case closely models the situation when the
dwell time, Ty, is very short compared with the sampling interval, Tg.
As shovn in Fig. 3 (b and c¢), the position, and possibly some fraction,

R, of the rate, are simultaneously sampled.
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To illustrate the reconstruction of a signal approximating the
original, let us consider simple, linear reconstruction which consists
of a series of straight-line extrapolations of the sampled position plus
a fraction, R, of the slope. These are shown in lines d and e for R=0
and R=0.5, respectively. This jagged reconstruction is modeled by a
describing function output plus a remnant component. For the sinusoidal
signal shown, the describing function is the fundamental Fourier component
of the waveform shown by the dashed lines. This waveform contains the
same "area" as the original signal, and it is phase delayed such that
The mean-squared error between the fundamental waveform and the recon-
structed signal is at a minimum. Comparing the dashed line with the
dotted line representing the original signal, it can be seen tThat the
reconstruction deserlbing function will show & smell ettenuetion end
appreciable time delay compared with the original signal. This effect
is true in general when a gero-order hold is used. The jagged remnant
contribution, shown as the shaded difference between the dashed and solid
curves, will result in a fairly broadband noise addition with most of its
power at higher frequencies. Considering the fact that actual sampling is
not perfectly periodic, it can be shown that the sampling and reconstruction
remnant spectrum will be fairly broadband when averaged over an appreciable

run length (Ref. 52).

The sampled rate information can be used to improve the reconstruction,
as shown in line e for R=0.5 {exbrapolated slope equals 0.5, the true
tangent). Considering the same features as before, note that: +the des-
scribing function magnitude is slightly higher than the input, the effective
sampling delay has been reduced to half of its value for R=0, and the

remnant contribution is somewhat less.

These figures illustrate a situation where the sampiing frequency is
approximately four times the input frequency. It can readily be appre-
ciated from lines d and e of Fig. 3 that the remnant contribution would
grow considerably, if the sampling frequency were reduced, i.e., Ty

increased. An analytical model for this is given later.

Finite dwell sampling can appreciably help the sampling and recon-

struction process. Some of the essential features are shown in Fig. 4
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where the same ratio of sampling to signal frequency, and a dwell fraction,
Td/TS = 0.5, is illustrated. If no active reconstruction process is used in
the intersample interval, the effective signal reconstruction is illustrated
on line ¢ of Fig. 4. This is representative of a percepbual model which
includes only switching from one display to another without any active
reconstruction in the interval between dwells. We call this Simple Finite
Dwell Sampling. The describing function is attenuated by the dwell-
fraction (Tg/Tg). There is no reconstruction delay, but there is

a very large remnant contribution. In fact, it is obvious from the

shaded area of Fig. 4c that the average amplitude of sampling remnant

will be proportional to the rms signal level.

Using a combination of finite dwell and linear reconstruction, as shown
in lines d and e of Fig. 4, considerably reduces the remnant at the expense
of a small time delay due to the reconstruction process. By comparing the
last two lines in Pigs. 3 and 4 one can see that the use of modest dwell
fractions and rate-weighting can result in excellent signal reconstruction,

even with this simple linear reconstruction process.

Other reconstruction schemes are possible (Refs., L7-k9). By choosing
a weighting function for each sample other than a mere "hold" or linear
extrapolation, a better fitting reconstruction can often result. Figure 5
illustrates these concepts. At the top of Fig. 5 is shown triangular
weighting of impulsive position samples, wherein the height of an over-
lapping series of triangles is summed to give the reconstructed signal.
The resulting straight-line approximation is a reasonable representation
for high sampling rates. However, since one does not know the value of
a sample until it has been taken, this scheme cannot be applied "on-line™

without a penalty of a one-sampling-interval delay.

Nearly perfect signal reconstruction can be achieved through the use
of "cardinal reconstruction", which is illustrated in the bottom hali of
Fig. 5 (Refs., 6 and 49), The term "cardinal" refers to use of only the
minimum essential samples to reconstruct the signal., Line b of Fig. D
shows the complete cardinal weighting function which extends from minus-
to plus-infinity around each sample. The resulting sum of these weighting

functions, as shown on the right, is a nearly perfect representation of
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the signal, and very low sampling rates can be used to achieve good repro-
duction. However, again, one does not know the impulses in advance to
properly weight the leading edge of the successive weighting functions.
Line ¢ shows a realistically "truncated cardinal weighting function' on
position samples only. Here, only the portion within one sampling interval
is used. The resulting waveform is actually not as good as the simple
linear reconstruction shown previously. However, if rate samples are
weighted with posifion samples, each using appropriately derived cardinal
weighting functions as shown in line d, a fairly good reconstruction can

be obtained. A comparison between the last two lines of Figs. 2 and 5
(allowing for the higher sampling rate depicted in Fig. 5) will show that
truncated cardinal reconstruction will, in general, have a higher attenua-
tion factor than linear reconstruction; a little less effective time delay
(because the bulk of the weighting function is at the beginning of the
sampling interval); and either more or less remnant contribution, depending

on whether or not rate weighting is used.

Mathematical derivation and adaptation of the truncated cardinal
weighting to the displayed signal reconstruction, is given in Refs. 6, k49,
and 52, and will not be repeated here. The analyses substantiate the
points shown by the foregoing illustrations., The foregoing discussion
should form an adequate heuristic basis to accept the resulting amalytical

models which will be presented next.

3. Mathematical Models (Describing Function)

In general, the describing function relating the reconstructed signal
to the original signal will be a function of the type of sampling,
and its frequency, dwell time, and reconstruction weighting scheme.
Two empirical observations make possible some simplification. The first
is that the scanning frequency is usually appreciably greater than the
bandwidth of the signal to be reconstructed. The second is that the ran-
domization of the sampling intervals renders the sampling describing func-
tion "fuzzy" at high frequencies, thereby justifying a simpler approximation,
valid mainly at the lower frequencies of interest. It has been found that

the following simple form for the operator's perceptual describing function
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applies to all of the detailed mathematical models derived in Refs. 6 and
49, and to the experimental data in Ref. 7 as well. This model consists
merely of an attenuation factor, Kj, and an equivalent sampling-and-

reconstruction time delay, tg4:

. . —Jwtg . EE
Yy (Jo) = ?he for w << wy (or T, ) (1)
Reconstructed Signal . Sampling-and-
Displayed Signal Attenuation Reconstruction Delay

The values of K, and 15 depend on the scanning interval, T, the dwell
fraction, n = T3/Ts, the rate weighting, R, and the type of reconstruction

weighting function. The attenuation factor and delays are given in Table I.

TABLE I

SUMMARY OF RECONSTRUCTION DESCRIBING FUNCTION PARAMETERS

(At frequencies much less than the sampling frequency)

TYPE OF RECONSTRUCTION GATN, K;, DETAY, Tg
Simple Finite Dwell Sampling 1 0
Gain~Switched, Finite Dwell nK, + (1"ﬂ)K2 0

(K, during Tgq; Ko otherwise)

Finite Dwell with Linear
Reconstruction

ile

1.0 0.50(1—=1)(1—R)Tq4

n+@sin1(1—n) )
Finite Dwell with Truncated V3 {2 /3n

Cardinal Reconstruction 2 0.54 as =0 lO.h25 (1=m)(1 =R)Tg

N

e

1.0 as n =1

Note: Tg = Sampling period; Tq = Dwell time
n = Ty4/T, = Dwell fraction; R = Rate weighting

The expressions in Table I verify the points made in the previous
sections in connection with Figs. 3 through 5, notably that dwell time
and rate weighting tend to reduce the effective time delay and that trun-

cated cardinal reconstruction is quite similar to the linear reconstruction.
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Figure 6. Effects of Reconstruction on Sampling Delay

Typical delays are plotted on Fig. 6. Perceptually, increased R requires
increased dwell time, and both contribute similar terms to reducing the
effective reconstruction delay. Consequently, modest values of each can

eliminate most of the reconstruction delay and remnant.
4, Sempling Remnant Model

As discussed in the previous subsection on concepts, the sampling and
reconstruction process results in the generation of considerable remmant
power in addition to the fundamental describing function. We have also
noted that the lack of perfect sampling periodicity smears out any sampling-
harmonic peaks in the remmant spectrum. These observations lead to a simple
model for sampling remnant. The basic model has already been presented in
Fig. 1, and this is simplified for closed-loop analysis to a modified cross-
over model, as shown in Sketch A. Here, the attenuation of Yy has been
absorbed into the crossover gain,

c
by an injected sampling noise, ng, having a spectrum, ®nns. The key assump-

, and the sampling remnant is modeled

tions are that the sampling interval is quasi-random and is uncorrelated
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Sketch A. Model for Sampling Remnant Computation

with the displayed signal level., One might suspect that a larger error
signal would be sampled more frequently, but the meager evidence available
does not offer any clear indication. It is obvious that the feedback signal
of the vehicle motion will contain low frequency sampling effects, and these
in turn will affect the sampling remnant on subsequent passes around the
loop. This phenomenon can lead to catastrophic sampling errors under cer-

tain conditions, as will be shown below.

Bergen (Ref. 51) has analyzed the output power spectral density of an
impulsive modulator whose sampling interval varies randomly (in a Poisson
sense) about some mean value, ES. The total output spectrum turns out to
be equivalent to that of a continuous signal path (unity describing func-
tion) with additive white noise (remnant), whose power spectral density is
proportional to the product of Ts and the mean-square value of the signal
x(t) into the sampler. Thus, the remnant power spectrum* for random
impulsive sampling is:

Pnn o) = i%?- ;5 (error units)2/rad/sec (2)

*While Bergen used two-sided integrals and power/Hz in his derivations,
we shall use one-sided definitions and power/rad/sec for consistency with
other remnant investigators:

o
x2 = [ By () do
o
vhere the units of & are units2/rad/sec.
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Based on Bergen's approach and previous work on finite-dwell periodic
sampling (Refs. 47 and 50), Clement has recently developed a theoretical
model for quasi-random sampling with a constant average dwell time, Ty
(Ref. 52). The sampling intervals have a lower bound, T, which constrains
their variability about Ts to less than the purely random case as T, -—TS.
For a wide range of interval distributions, all represented by one of the
Pearson Type IIT modified gamma functions, a remarkably similar expression
to Eq. 2 results [here, x(t)=-e(t)] for quasi-random finite-dwell sampling

remnant at frequencies well below the average sampling frequency:

(o) Tge2(1—-n)(1-8) (error units)? (3)
® w = 3
in >
s 0 << (g { (de)Z] rad/sec
M\
where: & = T, /Tg <1 , 0> 3 = Tg/Tg <1

Thus the low-frequency scanning remnant level is reduced by both increased
dwell time (via 1—1) and by increased & (which constrains the sampling

interval variability in proportion to 1—3).

The closed-loop net error spectrum %,, is composed of one part Qeei
(linearly correlated with the input via the describing function) and
another part ®een (due to the uncorrelated sampling remnant injection),

each shaped by a closed-loop describing function, (e/i) or (e/ng),

respectively.
Peey Pee,
s —— e —
e .\ IF e . \|°
b0l = [ ()] o50) + |2 (50)] tang(e) (1)

Integration gives the mean-square error:

_ ® 2 Te2(i-1)(1=8) [~
el = J- -i—(jw)' &35 4 (w)dw + ° - f He__ joo l dav 5
* S [1 + (wTy/2) ]
o ~ o
T~ ~" udd ~ —
f 5 (5)
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The appearance of e® on both sides of the equation results in the final

expression:

:
1,1—‘1(3@)[2 [1+(wTd/2)2]_1dm

e

2
e =

ol
AN

Ts(1=n)(1-3) =
1 -5 - j;

Denominator Elﬁs

(6)
Here, the transfer function |e/ng|(jw) is equal to the closed-loop transfer

function |m/i|(jw).

The factor in curly brackets is greater than 1.0 and can become infinite
if the denominator sum (denoted by Ag) goes to zero. This shows that the
average closed-loop error induced by sampling remnant can increase without
bound when Ay —=0, even though the loop structure is dymamically stable!
This effect is called "instability in the mean-squared error sense,” and
it is governed by an equation similar to the determinant of closed-loop

dynamic stability. DNotice that Ay is independent of the input spectrum.

Another interpretation of this effect is to note that the ratio of
input-correlated-to-total-power in the error is just the average error
power coherence, pg = e%/e2 = Ay. Thus, error coherence Ag is a good
figure of merit for the detrimental effects of sampling.

Using the modified crossover model to calculate |e/ng|(jw), values
for Ay have been computed in Ref'. 52 for a range of dwell-fractions,
sampling intervals, and loop gains; all normalized with respect to the
e=TetTg. Three graphs are shown in
Fig. 7, illustrating the effects of dwell fraction, sampling frequency,

total effective time delay: =

and variability on the sampling ccherence. Also given on the right is

the multiplier, 1/AS’ between (total) sampled and unsampled mean-square
errors., For the finite-dwell sampling assumed here, it is apparent that
the sampled error can exceed by severalfold the continuous value unless
large dwell fractions and sampling frequencies are employed. Figure Tc

also shows that decreasing sampling variability rapidly improves p%.
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In an effort to coalesce the effects of the several variables, a
unifying parameter combination was sought. One such combination appears
in several derivations for finite-dwell sampling and will be termed the
"Sampling Frequency Parameter” $:

Og

= — (7)
w,(1=1)

[45]

where: ws/wc = ratio of sampling-to-crossover frequencies

n = Ty3/Ty = dwell fraction

Denoting the average nonfixated period by Tn=T,—Ty, and the crossover
period as PC=:2n/wc, algebralc manipulation of the above expression gives
The simpler expression: S==PC/$Q. This suggests a simple physical meaning
for 5, as the ratio of the crossover period relative to the time-away from
the display. This ratio should be large to minimize scanning remnant
eifects. Dotted curves of constant S have been put on Fig. Ta, b, c.

For reasonable combinations of dwell fraction, sampling freguency, and

sampling variance, these computations show that values of S between k4

and 8 are required to keep sampling remnant within reasonable bounds.

The effects of crossover gain on the net errors with random finite-
dwell sampling were also computed in Ref. 52. 1In addition to the normal

influence of input bandwidth, w;, time delay 7, and gain w,, there are

C’
complex additional effects due to dwell and sampling intervals and
sampling variability. A typical case is sketched in Pig. 8, for

continuous versus sampled loop closures. Notice that sampling effects

/ Error Dynamic
10 SCAMNED /" instability instability
error 7
input ; Stability
> Sampling Margin
= Remnant
Effect of
( log ) Looser Loop
scale
~— Opfjmal
ol Gain
0 Crossover Gain Ma

FPigure 8. Sketech of Scanning Implications on Gain and Performance
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penalize tracking performance two ways: by reducing the permissible

crossover gain, and by adding the sampling remnant.
D. EXPERIMENTAL IMPLICATIONS

If these simple analytical models for sampling and reconstruction can
be validated experimentally, then we will have a powerful tool for under-
standing, analyzing, and predicting performance of multi-instrument dis-
plays. Three aspects should be tested; verifying the basic assumptions,
observing if the predicted qualitative interactions between sampling and
loop closure variables occur, and checking the accuracy of the computed

performance curves,

The following key assumptions must be checked:

1. Do different pilots adopt The same average
scanning, sampling, and reconstruction strategy?

2. Are the sampling intervals randomly distributed
about some mean value?

3. Is the sampling frequency high enough to justify
a describing function representation?

4. Does the form of the perceptual describing
function fit Eq. 17

5. Is the sampling remnant broadband?

6. To what extent does reconstruction take place
between fixations?

In regard to the last item, there are two more-or-less alternative
strategies which the human might adopt: simple-finite-dwell-sampling
versus finite-dwell-sampling-with-reconstruction. Table II points up
same of the theoretical implications of each. Because of conflicting
tradeoffs between remnant, time delays, and The perceptual reconstruction
"load," it is not yet possible to a priori select the likely reconstruction

mode.

To test the accuracy of the crossover model computations, one
must force a range of perceptual scanning behavior, covering independent

variations in scanning frequency, dwell time, input bandwidth, and
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TABLE TII

IMPLICATIONS OF ALTERNATIVE SAMPLING MODES

TYPES OF SAMPLING CROGTI%V“R EFECLEVE REMIANT
None (continuous) High Small Small
Simple Finite Dwell Low Small Large
Finite-Dwell plus Medium R=0 R>>0 R=0 R>>0
Reconstruction Iarge Small Medium Small

crossover frequency.

Measurements of fixation statistics and

describing functions are necessary, as well as overall performance.

We now have an empirical, concepbual and theoretical foundation

on which to construct the experimental program, to be described next.
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SECTION III

EXPERIMENTAL PROGRAM

A. PURPOSE

One objective of the present research is to obtain a sorely lacking
data base for the basic sampling and reconstruction processes and remnant
changes occurring when a pilot is required to scan and sample complex
displays. The experiments include the investigation of interactions
between scanning and sampling, and the role of parafoveal vision on

scanning effectiveness in a high workload environment.

B. APFROACH

The experiments were conducted in three phases:

1. Preliminary tests were performed to determine the
best means for inducing realistic scaming by the
pilots.

2. A training phaée was conducted to stabilize the
subject's scamning behavior and to reveal the most
fruitful experimental conditions.

5. Data were collected in a formal experiment.
C. TRACKING TASKS

The pilot/subject's primary task was tracking with a compensatory
display and a first order (K/s) controlled element as shown in Figs. 9
and 10. The K/s controlled element was chosen to minimize the operator's
adaptation requirements under nonscamning conditions, since past
research has shown that lead or lag equalization is minimal in this

case. Controlled element effects were not a factor in these experiments.

Input forcing functions of three different bandwidths were used.
The inputs were composed of eight nonharmonically spaced sine waves
with amplitudes shaped according to a double-lag, double-lead spectral
envelope. The line spectra of the 0.5, 1, and 2 rad/sec bandwidth inputs

used in the experiment are shown in Fig. 11. The root mean-square amplitude
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of the displayed input was set at 0i==1.0 cm. Table IIT gives the input
frequencies and Table IV describes the spectral envelope parameters of the
three inputs. The second-order lag/lead envelope was chosen: 1) to pro-
vide a main input band plus a shelf-like extension; 2) to avoid the sharp
shelf discontinuity which has caused data reduction artifacts in some past
experiments; 3) to have an analytically tractable envelope for computation;
and 4) to permit shaping of a prerecorded sum-of-unit-sinusoids input

tape by an easily mechanized filter.

TABLE IIT
FORCING FUNCTION INPUT SINE WAVES

COMPONENTS figgﬂgf CYCngMEnEI:R 185 SEC
1 0.314 5
2 0.503 8
3 0.816 13
L 1.19 19
5 1.89 30
6 2.89 L6
T k.76 76
8 7.25 nT
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TABLE IV

INPUT FORCING FUNCTION SPECTRAL ENVELOPE

FORCING FUNCTION SPECTRAL ENVELOPE:
2
. \2
Jo 2t .
o(w) = K
. (2 ot
(gg) + == Jw + 1
t=0.71
Forcing Function Lag Break Lead Break
Bandwidth Frequency Frequency
3 wo (D5
(rad/sec) (rad/sec) (rad/sec)
0.5 0.5 6.3
1 1 6.3
2 2 6.3

Two secondary tasks were tried to force the pilot/subject to
The first
attempt to induce scamming used a signal light 30 deg to the left of

realistically scan and sample the primary task display.
the main task display. The light turned on and off in a random segquence
and the subject was instructed to look at it when it was on. This method

of forcing scanning behavior met with limited success, as will be explained
later. Finally, a secondary control task was employed that demanded the
subject's attention in a more natural manner. An experienced instrument

pilot was used to help develop a realistic scanning situation.

The secondary control task required the subject to stabilize an
unstable first-order controlled element with no forcing function other than
his scanning remnant, as shown in Fig. 9. The secondary task display was
placed 30 deg to the left of the main task display so as to require a
definite scanning action by the subject in order to control both tasks.

The subject controlled the secondary task with his left hand by manipulating

a small side stick. Reference 53 describes this technique in more detail,
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The side task was designed to terminate the run if the error exceeded
the display limits, thus placing a small performance demand, but a large

motivational demand, on the subject.

The attentional demand of the side task could be varied by changing
the time constant of the unstable controlled element. A decrease in the
time constant, Ty (or increase in A = 1/Ty) decreases the time at which
the error diverges to the display 1imits, so that the subject must pay
more frequent attention to the secondary task in order to prevent

terminagtion of the run.
D, ZEXPERIMENTAL MEASUREMENTS

Two categories of experimental measurements were made: (1) online
measures computed during the run and recorded at the end of each run, and
(2) measures obtained through digital computer analysis of data tape

recorded during the experiment.

The online measures given in Table V were used for two purposes:
(1) to analyze the scanning process adopted by the pilot/subjects and
determine the performance interaction between the primary and secondary
tasks, and (2) to indicate which experimental trials would yield the most

fruitful results from the digital data analysis.

The measurements obtained through digital computer analysis are also
given in Table V. fThe digital computation measures are divided into
three general categories: (1) statistics, (2) describing functions, and
(3) raw power spectra and power spectra with remnant averaged over

freguency bands between input correlated components.

As noted from Table V, the describing function measures give a
fairly complete description of the open-loop and closed-loop response
of the main task control system, in addition to yielding the pilot's

frequency response, closed-loop remnant, and correlated error.

I. EQIPMENT

Tracking Station. The top view of the tracking station shown in Fig. 10

gives the important dimensions of the experimental equipment and layout.

Basically, the same setup and pilots were used as in Ref. 4%. The msin
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TABLE V

EXPERIMENTAL MEASURES

ONLINE MEASURES

Sempling Behavior

® Number of scans per 100 sec trial (100 Tg)

¢ Integrated main task dwell time per 100 sec trial (100 Ty/T,}
Performance Measures (Main and Secondary Tasks)’

® Absolute Integrated Error per 100 sec trial (100 [e|)

® Absolute Integrated Control Action per 100 sec trial (100 |c|’

DIGITAL DATA ANALYSIS MEASURES

Statistics
© Sampling and dwell-~time histograms

© Amplitude and First Difference Probability Distribution
Histograms for error and controller oubtput signals

@ TInput correlated and total mean-square value of error and
controller output signals

Spectra

© Complete signal spectra
® Signal spectra with remnant averaged between input correlated
components

Describing Functions

Error-to-input describing function [E(ja)/I(juw)]
Open-loop describing function [YPYC = M(Jjo )/E(jw) ]

Pilot describing function assuming normalized controlled element
gain [Yy = C(Jw)/E(jw), where Yo = 1/s]

® C(Closed-loop describing function [M(Jjw)/I(ja)]

*A bias type nonlinearity near null in the absolute value circuit was
discovered following the program. Therefore, |e| and |c| measures may be

in error at the smallest levels recorded.
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task display was a 5-in. CRT oscilloscope with a reticle design as shown
in Fig. 10. A polarized viewer was placed over the CRT reticle to reduce
reflections of the surround. The display cursor was generated by applying
a 500 Hz sine wave voltage to the horizontal sweep of the oscilloscope, so
that the display could be interrupted, or "blanked," by removing this

excitation voltage.

The main task hand control was a finger operated, fairly stiff, spring
restrained side stick with minimal friction, viscous damping, and inertia.
The stick characteristics are listed in Fig. 10 along with the display/

control gain.

Two types of side task display were used. For the forced scanning trials
the side task consisted of a randomly illuminated pilot light with a red cover
glass. In the natural scanning tests the light was replaced by the secondary
control task display. The display was a Weston microammeter meter with a
white face design shown in Fig. 10. A first-order lead circuit was used to
compensate for the meter's dynamic lag through the crossover frequency region.
The secondary task display face was dark under ambient room lighting. This
"planked" state was achieved by a pair of polarizing filters in front of the
dial. The display could be illuminated by instrument lights mounted between
the display and polarizing filters. Thus, the secondary display information

could be interrupted by merely switching off the display illumination.

A finger operated, spring restrained hand control was used for controlling
the secondary task. The control's characteristics and the display/control
gain are given in Fig. 10. Both displays were of high contrast and about
equally prominent. The CRT line and side task meter needle were the same
length and thickness. Seldom was more than one saccade necessary to fixate

each display.

Eye Movement Instrumentetion. The pilot/subject's scanning behavior was

determined through ceontinuous measurement of eye movements with a Biosystems
Model SGHV-2 eye movement monitor. The monitor includes infrared sensing of
the boundary of the cornea and sclera, using lightweight sensors mounted on
a spectacle frame. The SGHV-2 yields voltages proportional to eye position
in both the vertical and horizontal planes. Because the displays for the
two tasks used in this experiment were in a horizontal plane the vertical

sensor axis was not used.
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The main purpose was to determine whether the subject was looking at
the secondary task display (left) or the primary task display (right).
Preliminary trials indicated that although the subjects moved their head
slightly while tracking and scanning, the eye movement signral alone could
clearly differentiate between fixations on the left and right displays.

Thus head movement was neither artificially restrained nor measured.

To deny parafoveal viewing of the nonfixated display in one set of
conditions, it was switched off while the display to be fixated was
switched on as the eye movement signal passed the halfway point. Thus,
the desired display was always "there" when fixated, yet the blanking
per se could not be detected.

Simuletion Equipment. The control loop dynamics and oaline performance

measures were mechanized on a conventional analog computer. The various
tracking loop signals and a 40 Hz digitizing signal were FM tape-recorded
(at 1-7/8 in./sec and 1.6875 KHz center frequency) on a Minneapolis
Honeywell Model 7600 tape recorder.

The main task input forcing functions and 40 Hz digitizing signal
were recorded on and replayed from an Ampex FL-100 tape loop machine with
Honeywell T600 record/reproduce electronics. The inputs were generated
by summing sine waves that had been precisely generated on a digital
computer, converted to analog form in synchronism with the prerecorded
4O Hz digitizing signal and recorded on a master input "repertory" tape.
The original 40 Hz digitizing signal was also recorded on this repertory
tape and formed the time base for all subsequent data processing. Thus,
low frequency tape speed variations and drifts were removed as a source

of timing errors.

Digitally computed spectra and describing functions were obtained by
digitizing the FM analog signals and using selected BOMM language sub-
routines (Ref. 5k4) on a CDC-3600 digital computer.

F, PILOIS

Two light plane pilots with previous tracking research experience
were employed as subjects, Ref. 5. A resume of their flying experience

is given in Table VI. The pilot/subjects had previously performed in
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TABLE VI

PILOT SUBJECT STATISTICS

PTLOT AGE AERONAUTICAL TOTAL FLIGHT TWSTRUMENT
- RATINGS HOURS HOURS
1 23 Commercial; <,800 175
(RH) Instructor;
Instrument
2 o Instructor; 1,700 50
(PH) Multi-engine;
Instrument

over 100 2-min tracking trials involving K/s and v/'s? controlled elements
in both compensatory and pursuit display dynamics, and had reached asymptotic

performance on the apparatus.
G. PRELIMINARY EXPERIMENTS

Forced Scamning. The first attempt at inducing scamning behavior in

the pilot/subjects was to have them look 30 deg away from the primary
display at a "distraction light" when this light was "on." The distrac-
tion was commanded at random intervals, having a mean interval of 0.7 sec
and a standard deviation of 0.2 sec. The off-time of the light was held
constant at 0.5 sec which was felt to be long enough to allow the subject

to directly perceive error displacement and rate on the main task display.

A typical time history from a tracking trial is shown in Fig. 12. Tote
that the subject's eye-point-of-regard (EPR) correlates very poorly with
the commanded sampling behavior. The pilots claimed that forced scanning
was extremely unnatural and difficult to follow. It was concluded that
scanning would have to be induced naturally in order to obtain meaningful

results.

Natural Scamning. To induce natural scaming the pilot/subject was

required to stabilize an unstable secondary axis of control, as described
in Section IIT.C, in addition to the primary tracking task. The subjects

were instructed to minimize the main display error, but no performance
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criterion was placed on the side task other than to keep error within

the display limits in order to avoid terminating the run.

By using various combinations of main task input bandwidth (wi==0.5,
1, or 2 rad/sec) and side task instability (A=0.5, 1, and 2 rad), it was
found that a wide range of scanning rates and dwell times could be
invoked in all subjects. This is a useful technique since it permits
testing of the theoretical models over a range of subject-governed

scanning policy.

Blenking of Perefovesl Informatlon. In order to assess the importance

of parafoveal cues on tracking behavior while scanning, eitker the main

task or secondary task display was blanked out when it was not being
foveally viewed by the subject. The subjects did not find this condition
too disconcerting. Some changes in performance and scanning behavior were
caused by the display blanking, so this condition was included in the formal

experiment.

Blanking to Prevent Direct Rate Perceptlon. To deny the subjects

direct error rate perception from the main task display, an attempt was
made to apply a zero-order hold to the main task error when the subject
foveally viewed the main task display. The subjects commented that this
was a completely unnatural condition because it denied them immediate
feedback on their main task control response. This condition probably
opened up the internal stimulus/response loop in the subjects, involving

proprioceptive feedback, and they found it very disconcerting.

A successful alternative was to truncate the main task display "on"
time, thereby limiting the perceptual dwell time. Under this condition
the subject was still allowed to choose his own scamning policy; however,
the nonfixated display was blanked and in addition the main display
information was only presented for 0.25 sec. This value was selected
on the basis of previous work showing an eye movement refractory time on
this order, and on the basis of the minimal time for an accurate judgment
of analog position to be made (Ref. hL) thereby allowing no time for a
judgment of error rate to be made. The subjects were able to accommodate
this condition and offered the comment that the main task display cursor
appeared as though it "jumped" from one sample to the next. This technique

formed the fourth sampling treatment in the formal experiment.
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Parafoveal Tracking. Tracking with pure parafoveal viewing {eye

fixated 30 deg from the display) was also tested in the preliminary
experiment. The subjects were told to continuously observe the side

task display while performing the main task (the side task was not

being performed). Performance was severely degraded over foveal
tracking, as found in Ref. 7. The subjects commented that during

pure parafoveal tracking they lost track of the zero reference line.

This was evident in the oscillograph recordings of the error signal

which exhibited large random drifts. This effect was minimized by
carefully lining up the zero reference lines of both displays in the

same horizontal plane and placing a zero reference marker midway between
the displays. We decided to include pure parafoveal tracking in the foveal
experiment, both as a tie-in with the research of Levison and Elkind, and

to assess the importance of parafoveal cues in our experimental context.

Pilot Dither. Some stick "dither” in the pilots' main task control
movements was noted during preliminary parafoveal tracking. Dither was
also apparent in some of the scanning conditions. When questioned, the
pilots replied that dither enhanced parafoveal perception because the
display cursor moved more quickly.* Since dither was not used routinely
by pilots in flight, and because it would interfere with the Fourier
analysis measures to be applied to the data, the pilots were asked to

minimize their dither.
H., TRAINING ON THE NATURAL SCANNING TASK

Training on the natural scamning task was started before the design
of the formal experiment was completed, because certain conditions that
were extremely difficult at the beginning yielded useful results when

trained.

Table VII gives the number of two-minute tracking trials performed
by each of the pilot/subjects for various experimental conditions.
The total training time on conditions requiring scanning exceeds

2-1/2 hours.

*Parafoveal perception is more sensitive to rate than displacement
vhen compared with foveal perception.

b5



TABLE VII

NUMBER OF TWO-MINUTE TRAINING TRIALS
AT VARIOUS EXPERIMENTAI CONDITIONS

PILOT-SUBJECT
No. 1 No. 2
SCANNING CONFIGURATION INPUT BANDWIDTH (ay) | INPUT BANDWIDTH (wy)
0.5 1 2 0.5 ] 2
No Scanning - 5 5 8
Pure Foveal Viewing "RV - ’
No Scanning
Pure Farafoveal View "p" H " 2 10 9
A=0.5 3 7 3 L
Natural Scanning
with Parafoveal | A =1 13 3 7 2
Viewing Allowed
ngp A=2 13 5 12
A=0.9 L 2 2 S
Natural Scanning
with Parafoveal | A =1 7 6 6
Cues Blanked
rrSBrr r=2 ‘4 - 7 6
Natural Scanning
with Parafoveal
A= T
Cues Blanked and 0.5 12 15 f
Main Task Dwell
Truncated to A= b I3
0.2% sec. "SB "
« D

Training results indicated that the pilots' sampling behavior and
tracking performance had reached stable levels prior to the formal
experimental trials. The pilots comented that the combination of

exercise and learned technique caused only nominal eye fatigue.
I. EXPERIMENTAL DESIGN

Design., Figure 13 gives a resume of the experimental conditions
used in the formal experiment. On the basis of results from the training

phase it was decided to use the combination of 1.0 rad/sec main task input

=
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SCANNING MODE

foveal viewing of main task
display

No scanning; continuous para-
foveal viewing (30° off-fovea)
of main task display

Natural scanning, with para-
foveal perception of non-
fixated display

Natural scanning, with non-
fixated display blanked o
precluvde parafoveal
utilization

Natural scanning, with non-
fixated display blanked and
the main display blanked after
0.25 sec to preclude rate
perception

Figure 13.
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bandwidth and secondary task instability of 1.0 rad/sec as the standard
scanning condition in the blanked, unblanked and truncated main task
dwell display configurations. Various other combinations of main task
input bandwidth and side task instability were iwncluded to determine

the influence of these parameters.

Full foveal viewing of the main task was used as the reference

condition from which the changes due to scanning could be compared.

Table VIIT gives the order in which the experimental conditions were
administered to the subjects. Two replications were run for each condi-
tion, and the presentation order was counterbalanced between the two
subjects. The large number of experimental conditions necessitated
presenting them in two sessions, so an attempt was made to present an

equal number of easy and difficult conditions in each session.

Procedure. The formal experimental trials were conducted in two
2-1/2 hour sessions for each subject. Two warm-up runs were given at
the beginning of each session, consisting of a base foveal tracking
condition and a condition requiring scanning. Fach experimental condi-
tion was replicated twice. At the midpoint of each session the subjects
were given a 10 min break. Each tracking run lasted about 2-1/2 min.
The last 2 min were tape recorded for digital data analysis, while the
online performance measures were obtained over the last 100 sec of each

trial.
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TABLE VIIT

EXPERIMENTAL CONDITION PRESENTATION ORDER

DAY ] DAY 2
MA%;\}PGQSK SCANNING  SIDE TASK MA%P%SK SCANNING  SIDE TASK
CONFIGURATION INSTABILITY CONFIGURATION INSTABILITY
BANDWIDTH BANDWIDTH
CODE (0) CODE (2)
(wq) (w5)
1 F — 0.5 F —
1 p — 0.5 p —
1 sp ! 1 Sp 0.5
o SB 1 ! sp :
1 SB.2 1 Break
RH
Break 1 SB 1
1 SB 2 0.5 SP 1
0.5 SB 1 > P
1 B 0.5 > F
> sp 1
o F — o sp !
> P — ] SB 0.5
0.5 sp 1 0.5 sB 1
. SB 1 1 B o
Break Break
PH
1 sp 2 1 SB.25 !
1 Sp 0.5 2 SB 1
0.5 P — 1 sp 1
0.5 F — 1 p —
1 F —
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BECTION IV

PRESENTATION OF RESULIS

This chapter contains various presentations of on-line and reduced
describing function data and some statistical analyses between certain
variables. However, the interactions between these experimental variables
and the resulting scanning and tracking performance are so complex that
no simple data presentation can be made to clarify them. Consequently,
correlation of the data with the theory of Section II is deferred to

Section V.

First, the data from on-line performance measurements will be reviewed,
starting with time histories, scanning statistics, and performance. The
latter half of the chapter contains describing function measurements and

remnant computations.
A, ON-LINE SCANNING AND FPERFORMANCE MEASURES
1. Typlcel Time Historles

To obtain a feel for the types of display, control, and scanning
behavior being analyzed in these sections, consider the typical time
histories presented in Figs. 1%, 15, and 16. Figure it compares com-
pensatory tracking when regarding the display with full foveal attention,
versus the full parafoveal case, where the subject was looking 30 deg to
one side. The eye movement trace at the bottom of Fig. 14 is not the
true eye~point-of-regard (EPR) since it has not been corrected for head
movements, which cause the slow drifts noted thereon. WNevertheless,
the eye movements show that the subject did not look at the main display
under the full parafoveal condition. The quick pulses on the EPR trace
are blinks, as noted thereon. The salient points to be gleaned from

Fig. 1h are as follows:

° The error and control signals are fairly random-
looking and probably have a reasonably Gaussian
distribution.
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® Parafoveal-case error is substantially larger
than the foveal case (note the increased scale).

e In either case, the control signal is fairly
continuous and roughly proportional to the error
signal.

e There appears to be less high-frequency control
activity in the parafoveal case, with a tendency
to larger, more discrete control actions.

The above results are consistent with a quasi-linear tracking model
involving substantially lower effective gain in the parafoveal situation,
as will be shown by the describing function data. These data verify the
pioneer work in Ref. 7 which indicated that continuous parafoveal tracking

was possible,

The time history shown in Fig. 15 compares natural and blanked-
scanning behavior for one pilot. The main task error and control are
shown at the top, the eye-point-of-regard at the middle, and the side
task error and control at the bottom. Regarding the side task first,
it can be seen that the error tends to diverge off-scale unless pre-
vented from doing so by suitable (roughly proportional) control action.
Looking at the main task traces, it is apparent that the error and
control signals are roughly similar, albeit somewhat larger than full
foveal tracking. The eye movement signal shows clearly that the majority
of the scan time is spent fixating ©The main task display, with frequent,
short fixations on the side task. These side dwells are consistently
Just under 0.5 sec. The sampling intervals have a readily apparent
average, but intervals well above and below this average are also

obvious. Histograms of these intervals are presented later.

Behavior during the blanked-display case is similar to the natural
scanning case, except that the errors are larger, the scamming is more

frequent, and the control behavior appears somewhat more pulsed.

Dark lines have been added to g portion of the error traces to define
those periods when that display was being Tixated. From these it is
obvious that the display is regarded not only when it exceeds a given
threshold in either position or rate. Occasionally there is a correla-

tion between some of the control action pesks and a slightly prior

54



fixation on that display (e.g., the ¢y trace around t=15—20 sec in
Fig. 19a and also Fig. 15b during the same period). This sort of action
is consistent with the model of finite-dwell signal reconstruction sghead
of the neuromuscular system. Generally, however, there is no obvious

relationship of control pulses and dwells.

Finally, let us contrast the type of scanning adopted in the simple
blanked scan case with that adopted when the on-time of the main display
is truncated to only 0.25 sec. This is shown in Fig. 16b (Fig. 16a is a
continuation of the run shown on Fig. 15b). It is readily apparent that
a much faster scanning mode is adopted in this case. Because the main
display only stays "on" for a time too short to perceive its rate, the
pilot can neither reconstruct the effective input signal between scans,
nor can he perceive the actions of his own control. Conseguently, he
is forced to adopt the technique of wvery high frequency sampling. This
even forces a shorter dwell time on the secondary task. Nevertheless,
this scanning mode does not seem to have affected the main task tracking

error very significantly (note the change in scales).

As in the previous cases with scanning, there appear to be a number
of pulsatile control actions correlated with the slightly prior fixation.
(For example, notice the 10-second period centered around =20 sec on
Fig. 16b.) An interesting observation from the bottom of this figure is
that in the rapid sampling case there appears to be less side task control

activity.

The foregoing observations from the time traces are supported by
various scanning and performance measures taken both on-line and through

describing function computations. These will be presented next.
2. Overview of Main Effects

Next we will present the effects of the three dimensions of task
variables (scanning mode, secondary display workload, and input fregquency)
on the average dwell times, sampling intervals, tracking error, and control
activity, which were measured on-line during each run. A gross survey of the
effects of the applied task variables is shown in Figs. 17 and 18. PFigure 17

shows the effects of the various scanning modes with other test variables held
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constant at the standard condition of w; =1 rad/sec, Ao=1 rad/sec. Each
pilot's two-run average is shown as a separate symbol, while the mean value
is shown by the bar. It is obvious from this figure that a wide range of
scanning behavior and performance can be induced by the applied experi-

mental scanning condition. Salient points on Fig. 17 are:

° The two pilots behave similarly, therefore justifying
averaging their data in most of the subsequent data
presentations. The within-pilot variance was generally
less than the between-pilot variance, implying that
stable and asymptotic performance had been reached.

e Conditions are arranged along the abcissz in order
of increasing difficulty. Plot "a" shows that the
average scanning frequency increases (sampling
interval, Ty, decreases) as the more difficult,
blanked scanning conditions are imposed. As noted
in the time traces (but not anticipated a priori)
the side task dwell, T, remained fairly invariant
over a wide range of scanning conditions except for
the truncated-blanked case. These effects will be
discussed more fully later.

e Plot "b" shows that the error increased severalfold
when progressing from the full foveal through natural,
blanked, and truncated-blanked scanning to full para-
foveal viewing.

e DPlot "c" shows that, at constant input frequency, the
average control effort does not increase in proportion
to the error. This point is discussed later on.

Figure 18 is a summary plot for the corresponding data versus all
other conditions. The two left-hand columns show the effects of input
frequency on both the nonscanned and scamned situations. As might be
expected, parafoveal errors were much larger than the foveal case,
although the control activity was not proportionally larger. This,
plus the roughly linear increase of errors with input freguency, is
consistent with the conventional crossover model (operating at a

reduced effective gain in the parafoveal case).

Next, consider the center column of Fig. 18 which shows the effects

of input bandwidth, when the side task loading is held constant at rA=1.
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First, it is apparent from the sampling interval plot that increasing
the input bandwidth did not result in a corresponding increase in
sampling frequency, which would be evidenced as a decrease in the
sampling interval, Tg. The constancy of the side task dwell is also
readily apparent. In both cases the error increases with input band-
width, with the blanked scan having worst performance. The control
effort also increases linearly with w;, with little difference between

the two scanning modes.

Turning now to the right column of Fig. 18, we see the effects of the
side task difficulty on the corresponding performance measures. Added to
this figure is a tagged point corresponding to the truncated-blanked
scanning situation. The gross effects of increasing side task instability
were to radically decrease the sampling interval (as expected) with only a
slight increase in the side task dwell time (unexpected), and significant
decrease in the main task dwell time. This result was the same for either
scanning mode, with the blanked case having slightly faster scaming on
the average. Under natural scanning conditions, the error did not
increase linearly with Ao, while in the blanked scan case, it increased
at a greater rate. The average control effort was about the same in all
cases. Interestingly, even though the sampling and dwell intervals were
greatly reduced for the truncated-blanked scanning mode, the resulting

error and control measures were not significantly worse.

In view of the significant effects of the different scanning modes
on the error performance, it may seem surprising that the control activity
was not sensitive to scanning mode or side task difficulty, while it was

linearly affected by input frequency. This phenomenon has been observed

in other experiments, e.g., Ref. 3. It turns out that there is a per-
fectly reasonable explanation for the apparent paradox (vwhen the plant

is a K/s). When the input bandwidth is constant and the closed-loop
output is made to follow the dominant low frequency portions of the input,
it can be shown that the major portion of the control action required to
provide this output motion [C(jw) = 1/m(jw)] will be proportional to rms
magnitude and bandwidth of the input. Meanwhile, the smaller errors (which

are the small differences between the two large input and output cuantities)
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can vary significantly without proportionately affecting the tofal amount
of control effort required. Consequently, the average control activity
is sensitive to input bandwidth mainly, while the error may be sensibive

to many other variables, as well.

Now let us examine some of the effects revealed by this overview in

more detail, starting with the scanning statistics.
3. Scanning Statistics

A number of EFR traces, such as those previously given in Figs. 15 and
16, were analyzed in detail to give information on the dwell times and
sampling interval statistics. Some of the more interesting of these are
given in Figs. 19 through 21, covering natural, blanked, and truncated-
blanked scanning modes, respectively. The histograms in these figures
show the fraction of total fixations or scans having intervals within
the 0.1 (or 0.05) sec interval indicated. Looking first at the natural-

scanning case shown in Fig. 19, the following points are readily apparent:

® The sampling interval for Pilot 2 was significantly
longer than that for Pilot 1. This is apparently
due to an increased main task dwell time because
the side task dwell times were approximately equal.

(] The very narrow range of side task dwells centered
around 0.k sec is readily apparent in the bottom
left of Fig. 19. This distribution is also highly
skewed, with no dwells shorter than 0.3 sec being
observed, while intervals as large as 0.8 sec are
occasionally observed.

Figure 20 shows that roughly similar scanning statistics resulted
from the blanked scanning mode. The distribution of side task dwell times
is again concentrated sharply near 0.4 sec, and the distribution shows
significant skewness, as before. The much shorter dwell times and sampling
intervals allowed by the truncated-blanked scanning mode are readily
apparent in the histograms of Fig. 21. Here Pilot 2 decreased his main

task dwell (and thereby his sampling interval) much more than Pilot 1.
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+ is interesting to note that the relatively skewed sampling histograms
for each individual operator observed throughout these experiments do not
show the Gaussian-like distribution presented by Levison, et al., in Ref. 7.
However, their sampling interval distribution curve was averaged over a few
subjects, which would therefore tend to centralize and normalize the dis-
tribution of the ensemble. On the other hand, the distribution of sampling
intervals is not exponential as assumed in Bergen's random sampling theory,
Ref. 51. Sampling intervals less than 0.5 sec were never observed {except

for the SB.25 case), nor were there many beyond 2.0 sec.

A possible bimodal distribution of main dwell times and sampling
intervals is apparent in Fig. 20. To show this more clearly, the distribu-
tions of deviations from the mean dwell time have been plotted in Fig. 22.
For the blanked scan case, both pilots show a pair of peaks centered
roughly at 0.2 sec above and below the mean dwell time. A roughly similar
pair of peaks can be discerned for Pilot 1 in the natural scanning case.
Taken together, the invariant To=0.4 sec and the bimodal Tg and Ty peaks
separated by roughly 0.Lh sec are highly suggestive of a time-quantized
scamning situation. Many previous investigators have sought or asserted
this, and a similar inference has been drawn by Clement in Ref. 2 based
on groupings of mean-dwell intervals from in-flight eye movement data.
Further "microanalysis" of eye-fixation data such as that presented here

will be required to thoroughly explore this observation.

Examinations of the time histories showm previously do not reveal any
obvious correlations between the length of dwell of one instrument and
that on another. WNevertheless, this was checked by calculating the sample
correlation coefficients for the foregoing data. No significant corre-
lation could be found between main task dwell and side dwell, at least

on a scan~-by-scan basis.

We have noted that the side task dwell tended to remain relatively
constant despite changes in main task dwell and corresponding changes in
sempling interval. Figure 23 shows this more dramatically. For each
run in the main experiment, the mean-~side task dwell has been plotted
versus the mean-sampling interval for that run (the different symbols
correspond to the configuration code of Fig. 13). Two interesting results

are illustrated in Fig. 23:
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e The average side task dwell time is on the order of
0.4 sec for a wide range of sampling behavior. However,
the truncated blanked condition does not fit the
regression line well ({\).

e The side and main task average dwell times were never
below 0.25 sec. Boundaries corresponding to this
minimum are shown in Fig. 23 as a "refractory interval."

It is theorized that the 0.4 sec average dwell interval is the length
of time required to fixate on the side task and obtain error magnitude
and rate information. 0.k sec is also the dwell +time found by Senders,
Ref. 33, and Clement, Ref. 5, for loosely controlled loop closures for
monitoring tasks. The 0.2 sec lower bound on the dwell times is thought
to represent a "scanning refractory period;" the minimum time required to
move the eye to a display, fixate there, perceive an analog magnitude,
and start to move elsewhere. This value is similar to the value of
0.3 sec found in Ref. 55 as the minimum tachistoscoplc presentation
time for the accurate reading of analog scales requiring an eye movement
to fixate. When fixated, the minimal glimpse time to obtain position

~

information is much less than 0.25 sec, as previously shown in Fig. Z.

Now that we have seen that the side task dwell remains roughly constant
under the various externally imposed conditions, the Juestion remains; what
caused the large changes in scamning interval? It is hypothesized that the

divergent time constant sets an upper bound on the permissible time away

from the secondary task, i.e., the main dwell time. This is because a side

task would diverge off-scale within a time on the order of Ty =1/\ if
the control were held constant. Consequently, the pilot must observe
and correct the side task within the interval T,. (For more details on
the principle behind this assertion, the reader should consult Ref. 53.)
Figure 24 supports this hypothesis. It can be seen that the plotted
values for main dwell times all lie below the bounding line given by

Tq=Ty. The data may be fitted by a straight line of the form

&)

< KT, ; (X 2 0.6 for natural scan) (8)

or

a
Qi
rAY

0.6/x
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Noting that the allowable scan interval is Tg = Tq +T, and that T, is
roughly constant at 0.4 sec, gives the following expressions for the
maximum allowable scan interval and main task dwell fraction as a

function of the side task instability for two-display situations:

In terms of': —1

E = A A

T < BTy + .h B + .4 (9)
‘smax < . by . T o

1 A
.f"
“Smin = BT, + & GF . (10)

N

=

T4 T, + (T,/K)
T,
5 max T}\

1
.GTh (11)

I
=
>
+
=3
*_
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This interpretation has two implications: (1) the unstable side
task provides a powerful control over scanning frequency, independent
of other task variables, and (2) the scamning freouencies adopted by
the pilot in these experiments are not necessarily correlated with the

main task display bandwidth.

That the scanning frequency does not increase in proportion to command
input bandwidth is shown in Fig. 25. Within the constraints imposed by
the secondary task time constants, the scanning frequency must be adjusted
by other considerations, such as achievable crossover frequency, sampling
remnant, and the like. These factors will be untangled in the next chapter,

vhen a comparison is made with the finite-dwell theory.

It is interesting to examine the effectiveness of the subcritical
instability as a secondary display task loading in producing the decrement

in attentional demand to the primsry task. One measure of scanning workload
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on a given task has been defined in Ref. 2 as the fraction of time spent
on that display. This is also equal to the average dwell fraction, TE/T;.
Figure 26a shows how the attentional demand shifts between the main and
side tasks as A is increased. The analytical upper bound Tgq < .6/x is a
plot of Eq. 11 for the average conditions of this experiment. This simple

analytical expression fits the data quite well.
B. DIGITAL DATA ANALYSIS

Due to time and money limitations we could not digitally analyze all
the recorded data. The on-line performance and scanning behavior measures
indicated that the second trial for each condition gave consistent data,
and that the conditions involving the 1 rad/sec main task input bandwidth
gave a wide range of scanning behavior. Thus for the sake of efficiency

the digital data analysis was generally limited to the above cases.
1. Describing Function Date

The forward-loop describing functions, M(jw)/E(jw), obtained for the
basic (foveal) tracking conditions are compared in Figs. 27 and 28 with
earlier, unpublished data obtained on the same pilots. A rectangular
input spectrum with a 2.9 rad/sec bandwidth was used in the "previous”
case with a —20 dB shelf. Both sets are for compensatory tracking. The
data appear relatively consistent in The crossover freauency region;
however, the present data seems to deviate from past data in two ways:
(1) a consistent gain slope slightly greater than 20 dB/decade, and
(2) relatively large phase lags at frequencies below 3 rad/sec. King-
Smith (Ref. 56) has proposed a slope modification to the conventional

crossover model of the form:

I(1e_jT‘3(D
YY, = —— (12)
pc .
(Jo)*

In this case the actual crossover frequency is op = K11/r. The effect
of the parameter, r, is to increase the slope of the Bode (magnitude)

plot and to shift the phase due to 1/(ja>)r from 90 deg to:
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bt [1/(jw)r] (n/2)r [radians |

[

(90°)r [degrees] (13)

1l

Thus, less time delay is required to fit a given set of phase data if

r > 1.0

The effects of scamming and sampling on the describing functions are
shovn in Fig. 29 where two sampling conditions are compared with the pure
foveal and parafoveal tracking conditions. Scanning and pure parafoveal
viewing cause the open-loop gain (and thus the crossover freguency) %o
decrease. Increased high-frequency phase lag is evident for the blanked
display and parafoveal viewing cases but scamning with parafoveal viewing

caused no significant phase penalty over pure foveal tracking.

The simple-crossover-model parameters® were computed for all available
runs and are presented in Fig. 30. Figure 30 shows the effect of scanning
mode on we and tTe at the reference conditions of w, = 1.0 rad/sec and
o = 1.0 rad/sec. The regression of crossover frequency is readily
apparent. Only the blanked scan cases show a significant increase in
Te, and this is a small fraction of the sampling interval, shown at the
bottom of Fig. 30. It is also apparent (remembering that sampling fre-
quency is the inverse of T;) that, as sampling frequency increased, cross-
over freauency decreased for these conditions. Thus these data do not
support the simple notion that crossover and sampling frequencies should
vary directly. There may be mitigating circumstances, though, because we
have just shown (e.g., Eqs. 8-11) that the sampling is controlled, here,
mainly by the constant level of Tp and the constraint of Tg < x"1, rather
than by the frequency content of the input or error per se. Even though
we governs the bandwidth of the error signal, the other scanning demands

can overpower this effect.

*Despite the slightly better fit of the modified crossover model of
Eq. 12, only the simple crossover model (r =1) was assumed for these
fits for consistency with past practice.
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Closed-Loop Deseribing Functions — Typical overall closed-loop
describing function data [Ynp(jw) = M(jw)/I(jw)] are shown on Fig. 31

for the four key scamning modes. The input freduencies did not extend
far enough to show the ultimate attenuation at higher frequencies, but
the phase curves show that the closed~loop bandwidth regressed with scanning.
Taking the frequency for 90 deg phase lag as a metric, the closed-loop
bandwidths appear to be in thé region from 3 to 6 rad/sec. The lowest
closed-loop bandwidth occurs for pure parafoveal tracking, as would be

predicted from previous figures.
2. Remnant Data

As explained in Section II, scanning leads to greater remnant because
of drastically increased amounts of erratically jagged control output
power circulating around the loop and giving rise to a wideband remnant
signal input. Ultimately, this resulits not only in larger remnant errors
but in increased correlated errors as well, due to the need for gain

regression under these high-remnant conditions.

Typical closed-loop error spectra for several scaming modes are
shown in Fig. 32. On this figure, the stepped lines correspond to
remnant levels averaged over the indicated bandwidths, while the isolated
points represent the error power at the input frequencies.* Note that the
input components of the error spectrum lie considerably above the corre-
sponding remnant level in each case. This implies a high signal/noise
ratio at each input frequency, and insures that the describing functions
are accurate measures of pilot behavior and are not biased by the noise
content.

It is immediately apparent that there is a great increase in remnant
for either of the scanned conditions, the increase being of the order of

20 dB (a factor of 10 increase) over the nonscanned foveal case. The

*To provide compatible scaling, the error power concentrated at each
input frequency is assumed to be spread over a narrow frequency band of
o =2n/run length. Since the run length is 100 sec, Aw= .063 rad/sec.
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correlated errors increase correspondingly, although not by such a high
factor. The worst errors occur in the full parafoveal condition, for

both remmant and correlated components.

A significent feature of the remnant spectra on Fig. 32 is the smooth
envelope in the frequency region below the closed-loop frequency, i.e.,
below 3 to 6 rad/sec. The attenuation and coalescing of the remnant
spectra at higher frequencies is due to the attenuating effect of the
limited closed-loop bandwidth. To the extent that remnant may be con-
sidered as an uncorrelated "noise" signal injected at the errér perception
point (as suggested in Refs. 7 and 60), then the injected remmnant acts like
another input signal. The resulting closed-loop remnant will then be
attenuated by the closed-loop bandwidth of the pilot/vehicle system. This
effect is clearly evident in Fig. 32. Comparison of the shapes of the
remnant portion of the spectrum in Fig. 32 with the closed-loop describing
functions of Fig. 31 reveals a rough correspondence between the remnant

rolloff and closed-loop bandwidth.

A simple, overall measure of relative remnant is the error power

coherence pg, or fraction of input-correlated power in the error signal.

This is given by:

&2 2
05 = = = - — (1%)
82 82

A corresponding coherence, pg, exists for the operator's output.

Figure 33 shows the error- and control-power coherence as a function of
the several task variables. Figure 35a shows that the error relative
remmant is about the same for both pilots. The control coherence differs
appreciably, being generally lower than ;g for Pilot 1 and higher for
Pilot 2. Nevertheless, the average coherences are roughly comparable
and their ranking is the same with respect to scanning mode. The power
coherence for foveal tracking of ;g = 0.8 o 0.9 is comparable to other
investigations with Y, = K/s. Blanked scanning or parafoveal tracking

reduces this to about Eg = 0.6 at the reference conditions.
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The effect of input bandwidﬁE_on pg is significant, as shown in
Fig. 33b. The sharp dropoff in pg at low input bandwidths (an easier
task) is probably due to the fact that the input-correlated errors
become very small while a certain amount of 'residual-remnant" remains,

thereby reducing the ratio of correlated-to-total errors.

According to the data in Fig. 33c, varying the secondary task
difficulty did not have a strong effect on ;g, which stayed within
the range 0.70+0.10 for both natural and blanked scanning conditions.
As shown in Section II, several scamning parameters affect ;g, and some
of these are compensating in this case. Further discussion is in

Section V.

One inference which is tentatively drawn from these coherence data
is that the relative scanning remnant power is not allowed ©to reach more
than about 50 percent of the total — this being accomplished by suitable
adjustments of scanning frequency and dwell time within the constraints

allowed by the other task variables.

Some correlations were attempted between the various normalized error
measures to see if a simple functional relationship were evident. Aboutb
the best one that was obtained is shown in Fig. 34 . Here is plotted the
total remnant power, EE, as a function of the correlated error power, ;?
(both normalized with respect to the input, which was constant). All of
the symbols shown correspond to the reference conditions of o = 1 cm,

w; = 1 rad/sec and X = 1 rad/sec. The bounding lines shown in Fig. 3k
indicate that the remnant power for this particular combination of input
frequencies and scanning conditions increases somewhere between the first
and second power of the correlated error, the exponent being approximately
1.2 in this case. Further discussions of the relationship of the remnant
to the scanning are contained in the next chapter, which interprets some of
these data in the light of recent theoretical models,
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In concluding this presentation of the basic data, the following

general observations are made:

e Both pilots show generally the same behavior. The
measures which differed most were those open to
individual choice and style, rather than those
affected by the closed-loop effects (e.g., scanning
interval or primary task dwell time). It is there-
fore felt that these results are generally applicable
to other pilots with similar instrument flight back-
ground and training.

@ The following order of increasing difficulty and
decreasing performance was generally observed in
all measures: foveal, natural-scan, blanked-scan,
truncated blanked-scan, and full parafoveal viewing.

(] Small but consistent differences did exist between
the wviewing conditions where parafoveal view was
allowed and those where it was denied. To the extent
that multi-display scanning may more closely approach
the blanked-scan conditions of this experiment, then
one must be careful in applying the data from scamning
with parafoveal viewing to display situations where it
may not be available.

® A wide range of scanning conditions could be forced by
the experimentally imposed variables. However, it is
shown that the use of the variable side task instability
served to conbrol mainly the time away from the subsidiary
task, and thereby the main task dwell. This, in turn, was
a primary governor of the scanning frequency. Therefore,
one should be cautious in interpreting the ratio of scan
frequency to closed-loop bandwidth under these forced
conditions, with those which might occur under more free
conditions.

In the next section, we will interpret these data in the light of the

scanning and sampling theory.
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SECTION V

COMPARISON WITH THEORY

In this section we will interpret our results in terms of the theory
in Section II. First, data relating to validation of the basic assumptions
will be presented. Then the effectiveness of the theory predicting overall

performance megsures will be assessed.

A, VALIDATION OF ASSUMPTIONS

At the end of Section II, a list of basic assumptions to be validated

by the experiments was presented. This 1ist will now be evaluated.

1. Do different pllots adopt the same average scanning, sampling,
and reconstruetion strategy?

The answer, on the basis of the two typical pilots studied herein, is
generally "YES". Throughout the presentation of the data, the points for
Pilots 1 and 2 have been kept separate. A perusal through the figures
indicates that the general levels of each parameter, the performance
measures, the trends with applied experimental varlables are all remarkably
similar for both pilots. Considering that the replication runs were run on
different days, and the wide latitude of sampling behavior open to each
pilot, the close agreement observed in these data strongly suggest that
the scanning behavior adopted by the pilot is dependent primarily on the
task variables and the laws governing optimum behavior under these condi-
tions, rather than idiosyncratic pilot preferences. Compared with Pilot 1,
Pilot 2 did have a significantly larger dwell time and sampling interval,

but these have counteracting effects on performance.
2. Are the sempling intervals randomly distributed about some mean value?

Inspection of the various time histories (Figs. 14-16) shows that
relatively random changes in the dwell times and sampling intervals occur
from sample to sample. The side task dwell time was the most uniform,
ranging from only 0.4 to 0.8 sec, while the main task dwell ranged over

the time allowed by the secondary task divergent time constant, i.e., up
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to approximately 0.6 Tk‘ The observation that the mean scanning interval
was governed by the sum of these two dwells, and therefore by the secondary
task stability level, has been previously discussed in Section IV. Varia-
tions in sampling interval around this mean were remarkably small, ranging
from 20 to 40 percent of the mean. A reexamination of past scanning data
shows similar modest variations about the mean sampling interval. For
example, from the series of experiments by Fitts, et al. (Ref. 23) the
ratio of standard deviation-to-mean sampling interval on the cross pointer
indicator was about 21 percent. The data presented by Levison, Elkind, et
al., in Ref. T also show a variance of approximately 30 percent of the mean.
The mean scanning frequencies for each of these references are guite similar,

ranging from 1.0 to 1.5 looks/sec.

It is necessary to obtain a satisfactory analytical expression for the
observed sampling distributions to permit the sampling remnant to be com-
puted. During the examination of the preliminary data from these experi-
ments, the Pearson Type III distribution function was found to fit the data
satisfactorily (Ref. 58). Typical fits to previously presented data for the
blanked-scanning case are shown in Fig. 35. A main feature of the fitted
functions is that all distributions are sharply truncated at a "lower
bound", Ty. In certain cases a truncated Poisson distribution was satis-
factory, but, for most others, higher order terms of the Pearson Type III
formula were required. The "variability parameter" 6==TO/T; has important
effects on the level of the random sampling remnant, as explained in
Section II. Increasing T, towards T; reduces the sampling interval
variance, o7, - As the ratio of oTS/T; becomes smaller, the random
sampling contributions to remmant are reduced, while the contributions at
near-harmonics of the sampling frequency become more pronounced. The

measured and fitted histograms and parameters are summarized in Table IX.

In the face of the foregoing data of our own and others, we conclude
that sampling intervals are randomly distributed about a fairly stable
mean, but that they are not widely distributed and cannot be considered as
purely Poisson distributed. An important feature of the measured sampling
interval histograms is their truncation at a fairly well defined lower bound,
To-
the Pearson Type IIT (gamma) probability density function.

A satisfactory analytic function to fit the observed distributions is
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TABLE IX

TYPICAL SAMPLING DISTRIBUTION PARAMETERS

APPROXIMATE PEARSON
i i I
MEASURED FROM HISTOGRAMS TYPE TTT PARAMETERS
EXPERIMENTAL CONDITIONS
AND PILOT MEAN REIATIVE
(Yo = K/s, 2o = 1 rad/sec, | SAMPLING | STANDARD |STD. DEV.| LOWER LOWER | SKEWNESS | VARIABILITY
wi{ = 1 rad/sec, 05 = 1 cm)| INTERVAL | DEVIATION | MEAN BOUND BOUND FACTOR FACTOR
Ty (sec) op, (sec) op/Ty | T, (sec) /T n 5 = Tp/T
Natural Scan, SP:
Pilot 1 0.9 0.23 0.26 0.6 0.7 2 0.6
Pilot 2 1.3 0.28 0.22 0.6 0.46 Ls#* O*
Blanked Scan, SB:
Pilot 1 0.86 0.19 0.22 0.6 0.7 0.7
Pilot 2 0.99 0.21 0.21 0.6 0.6 0.6
Truncated Blanked
Scan, SB:
Pilot 1 0.69 0.12 0.17 0.25 0.36 20 0.36
Pilot 2 0.56 0.07 0.13 0.k 0.7 i 0.7
*This combination of n, ® results in an "apparent” value of TO/T = 0.5, which approximates the

observed ratio, 0.46.

observed distribution for this configuration.

Pearson Type III Distribution:

1 n+1
(1—-8%)n"

Ts

5

) ()

The large value of n is necessary to approximate the low skewness of the




3. Is the sampling frequency high enough to justify a describing
function representation?

We will show that the answer is yes. Before proceeding with this
discussion, the reader should recall the sampling and reconstruction
portion of Section II (i.e., Figs. 3 and 14). The main implication of
the theory was that, for short dwell fractions (approaching impulsive
samples), the sampling rate should be much higher than the signal band-
width to be passed, to prevent the remmant contribution from exceeding
the level of the describing function component. For longer dwell frac-
tions, longer sampling intervals can be tolerated while maintaining a
reasonable coherency (signal-to-noise ratio). The computed results
indicated that a scanning frequency parameter, S = ws/uc(1 - 1),
related these variables, and that it should lie in the range of & to 8

to keep the scanning remnant within reason.

Let us examine some of the separate components of scanning frequency
parameters first. Figure 36 shows cross plots of scanning frequency, dwell
fraction, and the error coherence versus crossover frequency for a number
of the scanned conditions at constant input bandwidth. Crossover frequency
was chosen as the abscissa as an indicator of displayed signal bandwidth, on
the basis of the closed-loop error spectra. At the top, Fig. 36a shows that
the ratio of scanning-to-crossover frequency ranges from approximately 1 to
4 with no general trend apparent. Remember that the scamming frequency in
these experiments is governed primarily by the side task dwell, and not by
the operator's free choice of a scanning frequency. Nevertheless, the
attentional demand of the side task is Tthought to be similar to that
encountered in true instrument flight operation. Figure 36b, in the
center, reveals a fairly systemabic trend in the dwell fraction versus
crossover frequency. Further implications of this trend are discussed
later, but some correlation is apparent. Distinct “foveal" and "para-
foveal" branches are suggested. Finally, consider Fig. 36c, at the bottom,
which gives the error coherence versus w,. A rather definite trend is
apparent, with the lowest crossovers resulting in the lowest percentage
of input-correlated error. It is also obvious that the display conditions

are well separated on the basis of "parafoveal", "unblanked displays” and
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"blanked displsys"”. It is worth noting that,despite the extremely difficult
scanning conditions here,the error coherence did not drop much below 0.6,
which means that the describing function still accounts for about 60 percent
of the error power, and the scanning remnant only 40 percent or less. On
this basis alone, we would expect the describing function model to be a
reasonably valid representation. Neither the scanning frequency nor

dwell-fraction alone correlate with the coherence, however.

Now let us see how the scamning frequency parameter S = wsﬁwc(1——n)
fares. Figure 37 shows a cross plot of this parameter versus the scanning-to-
crossover frequency ratio. While the scanning-to-crossover freguency ratio
varies over a lk:1 range, the scan frequency parameter range only varies

over a 2:1 range, right in the predicted region of 4 to 8.

On the basis of the good error coherence and large scanning fre-
quency parameter observed, these experiments strongly validate use of
quasi-linear describing functions to medel the closed-~loop aspects of

scanming and reconstruction process.

@ Legend:
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4, Does the form of the scanned, sampling, and reconstruction
describing function fit Equation 17

Equation 1 of Section II indicated that the describing function
attributed to sampling, scanning, and reconstruction could be adequately
represented by an attenuation factor, Kn (independent of freguency), and

an incremental sampling time delay increment, tg4:
T (o) = Khe_jaﬁs (See Eq. 1)

In order to determine this "perceptual describing function" Yy, the pure
foveal gain and phase measurements were subtracted from those at various
sampling and scanning conditions, using each pilot's own foveal data as

a reference level. The results are given in Fig. 38 (the scatter is due
to the small difference between larger quantities). For the unblanked
display conditions (Fig. 38a) there are no apparent phase penalties due

to sampling, but the differential gain curves have a decrement ranging
from ~3 to —6 dB (at 1 rad/sec), and a slightly positive slope (about

2 dB/decade). For the blanked display cases (Fig. 38b) the differential
gain curves show similar gain decrement (—2 to —10 dB) and positive slope
(2 dB/decade). Here, the differential phase curves show some evidence of
phase lag penalties due to sampling. Even so, the worst phase shifts only
correspond to roughly a 0.15 sec delay, which is a small fraction of the
typical sampling interval of 1 sec. Inspection of these shows that they
roughly fit the predicted describing function, i.e., the attenuation factor
is very nearly independent of frequency and the phase differences can be
fairly well represented by a small time delay increment. The slight positive
slope noted in the describing function difference is mainly atbributed to
the higher-than-unity slope of the foveal describing function. Since the
scamned describing functions actually show a closer fit to the simple
crossover model, this improves the validity of the pure-attenuation-plus-

delay model for IYHI, at least for display system analyses.
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5. ZIs the sampling remnant broadbend?

Because closed-loop system performance (e.g., tracking errors) are
important outputs from pilot/vehicle analyses, attention has been focused
on the error spectrum. The sampling remnant theory in Ref. 47 shows that
two general types of sampling remnant exist. Perfectly periodic sampling
results in remnant at harmonics of the sampling frequency, with very little
in the input passband. As sampling becomes more random, a certain propor-
tion of this high frequency power is "demodulated" to the input passband
and appears as broadband "observation' noise. The experimental data bearing
on this assumption was presented in Fig. 32 of the previous section. Inspec-
tion of this figure shows that the error remnant spectra due to the various
scanning modes are quite smooth across the input bandwidth and are fairly
flat up to the closed-loop cutoff frequency (as indicated by the 90 deg
phase point of the closed-loop describing function. Beyond this freguency
it continues to be smoothly attenuated up to the limit for which our data
were reduced. Thus, any sampling harmonic components which may have been
present in the control spectrum at sampling frequencies were strongly
attenuated by the closed-loop cutoff, which, in turn, is limited by the

crossover frequency.

The theory of Section II, e.g., around Eqs. 2 and 3, indicates that
the sampling remnant (considered as an injected noise) has a power spectral

density level which scales with the mean-square displayed error;

== ~
Tge (1 T])<1 Z) (3)
7|1 + jaTa/2|

(Dnne ((L))

To validate our Eq. 3, the previously given closed-loop error remnant
spectra @eep of Fig. 32 were converted to remnant injected at the display

point and were normalized by e2 according to the following relationship:

®nng () _ nng () (14)
—— - . 2—
e? [ (M/T)jw] ©e?
Normalized Measured
Injected Closed-Loop
Remnant Remnant, etc.
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Figure 39 shows the resulits of this computation. It can be seen that the
widely different closed-loop remnant levels of previous Fig. 32 tend to
coalesce when normalized by the corresponding e2. The normalized remnant
for the scanned and parafoveal cases is somewhat larger than the foveal
case, as might be expected. To compare these data with Eq. 3 we take the
following values for the blanked display case, for which the theory is
most valid: Tg = 0.86 sec, Tg = 0.42 sec, 4 = 0.52, & = Tp/Tg = 0.70.
The resulting analytical model is:

— (152)
5] . 12 | sec
e< o (1+0.21jw)

Pnng 0.040 [ rad J—]

Equation 15a is shown as a solid line in Fig. 39. The fit to the
corresponding data points is excellent, so our theoretical scanning

remnant model seems reasonably valid.

It is interesting to note that the model for human operator basic
remnant during continuous single-loop tracking given by Levison, et al,

in Ref. 59, has a form identical to Eq. 3.

Present; Scanned Case Ref. 59; Foveal Case
®nng 0.0k0 0.035 rac"i’_'1
—° - s (150) el B (15¢)
e (1+0-21jw) (1+0.3jw)

The model of Ref. 59 (Eg. 15¢) is shown dashed in Fig. 39. Perhaps
fortuitously, it comes close o our scanned remnant equation and data, but
it does not fit our foveal remnant data, as it should. The reason for the
disagreement is not known, but it is not considered very serious at this

time because data on subject-to-subject variability are not yet available.

Thus the answer to Question 5 is: Yes, the remnant due to scanning,
sampling, end reconstruction is broadband and it can be modeled by =
first-order filtered noise model per Eq. 3.
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6. To what extent does signal reconstruction take place
between fixatlons?

The data from these experiments indicate that reconstruction does
occur in some situations but not in others. First consider the direct
evidence from the time histories, and then the indirect evidence from

the describing functions.

Under conditions of pure-gain pilot equaelization, signal reconstruction
occurs (by definition) when the operator's control output'does not return
to zero between each fixation dwell interval on the display in a given axis
of control. As explained in Section II, a variety of signal "holds" or
"weighted extrapolations"” may be used to cbtain a better control signal
approximation between fixation dwells. Thus, no matter what the extrapola-
tion in the case of pure-gain equalization, it gqualifies as reconstruction

as long as the extrapolation is not identically zero between fixations.

Figure 40 is an excerpt from previous Fig. 15b, where the nonfixated
display was blanked. Heavy lines superimposed on each coordinate denote
the fixation periods on either the main (tracking) or side (stabilization)
tasks. Careful scrutiny of the main task control action (second time history
from the top of the figure) shows that (allowing for the neuromuscular
delays and dynamics) the control is frequently interrupted 2s the control
follows the error. Tne control interruptions roughly correlate with the
fixation interruptions on the main display and the control frequently returns
to the neighborhood of zero during fixation interruptions (again allowing for
the effective delays between error and control). Between fixations there is
evidently a tendency to relax on the control force. This implies a decaying
form of intersample reconstruction for this blanked viewing condiftion. There
is seldom any attempt to hold the previous control signal throughout the
intersample interval. When parafoveal vision is denied the operator, the
decay in the control action toward zero between samples appears to be even
more rapid than suggested by the truncated cardinal weighting function in

Pig. 5. Thus, reconstruction on the primary task seems to be negligible.

By contrast, while stabilizing the first-order divergence (see bottom of
Fig. 40), the left-hand control action remains fairly constant between fixa-
tions on the secondary task. This implies that zero-order-hold reconstruc-

tion is used on the side task (e.g., refer to Fig. 4).
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Now let us consider the indirect evidence for or against reconstructiion
from the describing function data. One could, in principle, take the
parameters of the perceptual describing function Eﬁ(jw) from Fig. 38b
(the differential describing function between the foveal and various
scamming conditions), ascribe the attenuation to X, in Eq. 1, ascribe

the phase lag increment to t_, in Eq. 1 and estimate a reconstruction rate

8
weighting coefficient R from Fig. 6. This was attempted, but not much

confidence is attached to the results for a number of reasons:

© The attenuation observed in Fig. 38b need not
necessarily be attributed to reconstruction
Since the finite dwell fraction itself will
exhibit an average attenuation equal to 7.
Thus effects on attenuation are confounded and
inconclusive at this point. However, we shall
return to the consideration of gain later.

© The phase data in Fig. 38b are too scattered to
obtain a precise measure of incremental time delay.

® The Foveal and scanned describing functions were not
fitted precisely enough to obtain reliable differ-
ences for the incremental time delay between the
scanned and foveal describing functions. Further-
more, the incremental time delay depends on unreli-
able small differences between larger quantities.

® The use of Fig. 6 presumes a specific type of
reconstruction, although inspection of the main
task time histories has suggested that the inter-
sample reconstruction is minimal., It cannot be
assumed a prilori that its incremental time delay
will obey the relationship derived for truncated
cardinal reconstruction.

The main result of this interpretation of the differential describing
function data was that dwell times in excess of the 0.3 sec minimum were
required to generate a larger "apparent' rate weighting coefficient R
(see Section II-2 for a definition of R). The rate weighting coefficient

calculated from Fig. 6 roughly matched the average relationship:

R = 1.25(Tg — 0.2) (16)
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However, this alternative explanation for the low effective incremental
time delays in the differential describing functions in Fig. 38b is not
given much credence in view of other more direct evidence to which we

now turn.

Better indirect evidence against error signal reconstruction between
samples (during the main task) is given by the observed open-loop gain
regression, as characterized by crossover frequencies. The simple finite
dwell sampling theory without reconstruction, reviewed in Section II, pre-
dicts that the adopted crossover frequency in the primary task will be
linearly proportional to dwell fraction, 7 = Td/TS. This is simply
because the loop is assumed closed during the fixation interval and
open between fixations. The time averaged open-loop gain for the finite
dwell sampled crossover model is thus a, = Nep where Wep is the adopted
crossover frequency for continuous foveal tracking. The operator cannot
increase his gain during the dwell interval of scanned tracking because
of stability constraints during foveal tracking. Consequently, one would
expect the crossover gain to regress linearly with dwell fraction in the
absence of control between fixations. Preliminary evidence for this has
already been presented in Fig. %6b, where the data corresponding to
blanked conditions were scattered along a line of perfect correlation
through the origin. However, the naturally scanned data (where parafoveal
viewing was allowed) did not lie on this line of perfect correlation through
the origin. Instead, the scanned data with parafoveal viewing diverged

toward the purely parafoveal crossover value near 3 rad/sec.

This result suggested that the dual-gain finite-dwell switching model
proposed in Ref. T might represent foveal-parafoveal scanning observations
better, by accounting for parafoveal closure of the primary task loop
during the interrupt fraction (1—7). The switched gain model is repre-
sented easily by multiplying the ratio of parafoveal gain To foveal gain
by (1—17) and adding the product to 7n to obtain the effective dwell

fraction, viz.

e = 0 +a(1-7) (7)
where Q= wcP/wcF = ratio of crossover gains for continuous
" parafoveal relative to continuous foveal
tracking (0 =0 for blanked scanning conditions)
M = i&/i; = dwell fraction
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Because the pilot cannot increase his gain much beyond the purely foveal
level during each fixation, the switched gain model says that the ratio

of scanned to foveal gains should equal 7,. Figure 41 shows this correla-
tion, which is fairly good. If appreciable signal reconstruction were
employed during the interrupt fraction, the perceptual gain would not
regress nearly as much as shown. Reconstruction is not needed to explain
the higher w, daba for natural scanning with parafoveal perception per-
mitted, because the effective dwell fraction Nes based on a simple switched-
gain model, also correlates very well with the observed data. The value of
this simple result depends on how important and variable is the parafoveal
gain under realistic instrument scanning conditions. If the parafoveal
gain on a particular axis (among several in a multiloop display) can be
shown to be negligible, then a very simple and useful finite dwell model

is possible without the need for intersample reconstruction.

The principal surprise is that display signal reconstruction apparently
was not used in the main tracking task, although it was used during the
secondary stabilization task. Close scrutiny of all the data, trends, and

theories suggests the following explanations:

® The side task only required brief fixations and crude
zero order hold reconstruction to maintain a stable
closed loop since minimization of error was not required.
Furthermore, the control action was the only input.

® Consequently, the main tracking task could be attended
to with a relatively high dwell fraction, and any high
frequency scanning remnant existing at the pilot's
controls would be attenuated by the K/s dynamics. Thus,
intermittent control action could be used without
generating much display (error) remnant.

® Under these conditions (high dwell fraction, filtered
control sampling remnant), reconstruction was not
needed to achieve reasonably high error coherence,
and so it was not used.

® Under conditions where the dwell fraction is very
small due to other tracking demands, we would expect
to see reconstruction used to lower the tracking
errors. This is exemplified by the zero order hold
side task control technique observed herein.

*The apparent "wild point" for (J in succeeding plots is due to an
anomalously high w. for one particular natural scanning run.
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This discussion completes the rather detailed empirical assessment of
numerous key assumptions and models on which our comprehensive display

theory is built. All of the assumptions have been validated.
B. CORREIATION OF THEORETICAL AND MEASURED PERFORMANCE
1. Relative Correlated Error Power

Excperimental measurements of the relative input-correlated power, pg,
are compared with theoretical estimates of coherence for continuous foveal

and continuous parafoveal tracking in Fig. 42. 1In this case, the "theoretical"
values are based on a remnant power spectral density in the form of Eq. 15¢
(originally from Ref. 59). The average foveal remnant spectrum level

employed was 0.0%05/rad/sec for input bandwidth aj = 0.5 rad/sec and other-
wise 0.0zog/rad/sec. The observed foveal coherence in Fig. k2 correlates
fairly well with theoretical values, The average parafoveal remnant

spectrum level employed was 0.170§/rad/sec for @y = 0.5 rad/sec and for one
pilot, ay =1 rad/sec, as well. Otherwise, the parafoveal value was
O.1c§/rad/sec. Figure 42 shows that there is much more variability in

parafoveal coherence than in foveal coherence.

Experimental measurements of pg for sampled conditions are compared

with theoretical calculations for sampling error determinant, Ag (Eq. 6)

in Fig. 43 for scanning the main task with and without parafoveal percep-
tion. The effective dwell fraction, Ng> Was employed in calculations

with Eq. 6, where parafoveal perception of the main task was possible.

The observed values of pg do correlate quite well with theoretical values
based on random finite dwell sampling remnant in Eq. 3. Thus it appears
that the observed remnant is dominated by a "sampling” remnant and that
there ig little evidence of the application of intersample reconstruction
to increase the residual coherence above 0.8 in Fig. 41a. Instead the
pilots apparently reduced their variability in sampling behavior to achieve
coherences of 0.6 or more, a marked improvement in coherence over that low

level which accompanies purely random finite dwell sampling.

With these rather good correlations between observed coherence and very
simple theoretical measures for sampling and purely foveal remnant, we are

encouraged to compare predictions and observations of mean~squared error,
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2. Mean~Squared Error

Experimental measurements of input-correlated error on the main task,
gg/o%, are compared with theoretical predictions of the same in Fig. 4h,
Theoretical values are based on the crossover model computations in Ref. 60
with a sharply cut off input of uniform power spectral density. Since
the experimental input spectrum (Fig. 11) contained power above its
enveloping half-power frequency, measured correlated relative error
might be expected to exceed theoretical error. Figure Ui shows that
the observed correlated error did consistently exceed the theoretical
estimates, in all but one of the scanning conditions (Cj). Theoretlcal
estimates are poor with the most difficult side task instability ()
and with truncated bplanked scanning (B). However, the observed relative
errors for the continuous foveal tracking conditions agree very well with

the theoretical computations of Ref. 60 (Fig. 11 therein).

Observations of total normalized mean-squared error on the main task,
;E/of, are compared with theoretical predictions of the same in Fig. 45.
To correct for the previously noted bias in e%/o%, a systematic deviation
of 20 percent of the theoretical input-correlated relative error has been
added to the theoretical correlated values (with scamming), before dividing
each by A, to estimate total relative error. Since observed coherence
correlated guite well with Ag, most of the scatter which remains in Fig. 45

is attributable to the bias in the input-correlated wvalues.
3. Crossover Frequency (Open-Loop Gein)

Since the pilots were instructed to minimize average tracking error to
the best of their ability on the primary display, it is also of interest
to compare their adopted crossover frequencies with theoretical crossover
frequencies for minime in normalized mean-squared error. This comparison
is made in Fig. 46,using the normalized crossover freauency, TaW,, for
convenience in comparison with the theoretical values of Ref. 60. The
remnant levels for the foveal cases are based on data in Ref. 59. This
comparison shows that in most cases the pilots adopted normalized crossover

frequencies slightly below the theoretical values for corresponding minima.
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The observed values of normalized crossover frequency for nearly all

of the scanning conditions with display blanking are within 10 deg phase

margin* of the theoretical values for minimum mean-squared error. The
adopted values for continuous foveal tracking with 0.5 and 1.0 rad/sec
input bandwidth are also within 10 deg phase margin of theoretical values
for corresponding minima. However, the pilot-subjects apparently adopted
phase margins between 10 and 20 deg greater than theoretical values for
minimum mean-squared error in most of the scanning conditions with para-
foveal perception and in continuous foveal tracking with 2 rad/sec input
bandwidth. Apparently the pilots succeeded well in following the instruc-
tions to minimize error on the main task as the side task difficulty

increased.

In summary at this juncture, the Pearson random finite-dwell sampling
remnant model appears to be capable of predicting adopted crossover fre-
quency, mean-squared error and relative correlated error power for most
of the scamming and sampling conditions tested with display blanking.
Although the model tends to slightly overestimate adopted gain (crossover
frequency) for the scanning conditions tested with parafoveal perception,

its predictions are still quite good for meking relative estimates of

performance.

*The phase margin (PM) of stability for the crossover model is
related to thé normalized crossover frequency (or gain) by the relation
PM = n/2 — w,Tg (units of radians).
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SECTION VI
CONCLUSIONS

This report has presented some new developments in modeling the effects
of random scanning and sampling on tracking performance, and a detailled
description of experiments designed to test the basic assumptions and
alternative signal reconstruction modes implied by the theory. The major

conclusions drawn from this work are as follows:

1. Section II describes the properties of two main types of model
for theé mental signal reconstruction which can be employed by
the human operator following foveal scans:

a. Switched Gain Model -—the operator alternates between
a foveal dwell with gain of unity, and a parafoveal
view with a reduced effective gain. The theory shows
that this model implies negligible time delays, reduced
crossover frequency, and a large wideband remnant.

b. Reconstruction-Hold Model — the operator reconstructs an
almost continuocus signal between dwells by weighting the
average position and rate in some appropriate manner.
Analysis of this mode shows that it will yield appreciable
time~delgy increments, little attenuation, and generally
lower remmant than the switched-gain case.

The theory shows that in either case the sampling-induced remnant
power scales as the square of the perceived error signal (Eg. 3).
The experimental results generally favored the simpler switched-
gain model for a tracking task requiring no operator equalization.
However, there was some evidence for a reconstruction mode in a
secondary task involving stabilization only.

2. The "subcritical tracking task" can be used successfully as a
secondary loading task to regulate an operator's natural scanning
and sampling behavior on a primary tracking task. If instructions
are to minimize primary task error, while maintaining secondary
error below a generous threshold, there is no tendency for the
subcritical secondary task to become the primary task.

3. Parafoveal perception is beneficial while scanning between two
tracking tasks, such as studied here. It can be excluded by
blanking the nonfixated display in order to study the natural
foveal sampling behavior of the human operator under controlled
conditions. Parafoveal perception of the nonfixated display pro-
duced a small reduction in scanning frequency, little change in
the relative scanning remnant, and a substantial increase in the
average gain, resulting in appreciably better performance.
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L. The operator's sampling remnant power appears to be the single
outstanding property which affects his adopted crossover fre-
quency. To minimize tracking error he reduces his open-loop
gain and increases his stability margins.

5. The data conclusively show that a pilot's average behavior and
performance during scanning can be accurately modeled by a random-
input describing function plus a wide-band remnant. The simple
analytical expression of Eq. 3 fits our scanning remnant data
very well. This is equivalent to injection of first-order
filtered "observation noise.™

6. A Pearson random sampling remnant model, which includes effects

of sampling interval, finite-dwell interval, and variance cf
sampling frequency about its mean value, predicts quite accurately,
in conjunction with the crossover model, at least four aspects of
observed scanning performance when parafoveal perception is
excluded:

Shape and level of the remnant spectrum.

Adopted crossover frequency to minimize tracking error.

c. Relative error power correlated with the input forcing
function.

d. Total mean-squared tracking error.
7. These models and data may be used to predict human operator per-

formance and scanning statistics in other multidisplay situations,
when two displays dominate the scanning activity.

These results may also be used to extend the models to cases where
pilot equalization is required fe.g., Y. = K/s2, which requires lead: and
Ye = K, which requires lag), and to investigate scanning statistics, des-
criving functions, and remnant for a very realistic, multidisplay multi-
axls task (as close as possible to full instrument flight). This would
verify that the models developed here can be applied to such complex
situations. Parallel theoretical improvements are also needed to cover
"almost-periodic" sampling and to evolve the scanning adaptation laws for

complex multidisplay systems.
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